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ABSTRACT

Capital Equipment Upgrade Strategy in the Context of Servitization

Muztoba Ahmad Khan

Building on manufacturing servitization and Product-Service Systems (PSS) business models, the
midlife equipment upgrade services introduce promising alternative to traditional equipment
replacement, which is often capital intensive and time consuming. Midlife upgrade describes the
process of improving the performance of and adding new functional capabilities into equipment
during their active usage period by embedding technological innovation while satisfying evolving
c
e
efe e ce
e i e. This strategy, however, has thus far been discussed primarily from
a conceptual perspective in literature, and the state of the art lacks empirical evidence regarding the
potential and outcome of successful midlife upgrades. Additionally, explorative studies report a low
adoption of this strategy and attribute this to the limited strategic awareness and readiness of
manufacturing firms.
Based on a systematic literature review and multiple case study analysis, this research empirically shows
that midlife upgrades can: i) enable capital equipment to continuously provide value and remain
relevant to its owner, and ii) effectively postpone replacement despite changes in technology, market
conditions, and/or user requirements. Additionally, this research reveals that PSS business models
allow equipment manufacturers to establish a business case for the provision of upgrade services. This
creates an entirely new revenue stream and provides an alternative route to capitalize newly developed
technologies faster while improving customer retention. Furthermore, in order to facilitate
a fac e
a egic a a e e a d eadi e , fi , hi
d e ea h ee e
f d i e (i.e.,
strategic, marketing, and financial) that prompt manufacturers to offer equipment upgrade services.
Second, taking the resource-based view as a theoretical foundation, this study identifies unique
resources and distinctive capabilities that are key to generate successful upgrade offerings. Finally, this
study integrates the identified resources and capabilities into a framework that manifests different
stages of industrial service development process, namely, market sensing, development, sales, and
delivery.
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1.0 Introduction1
Faced with an increasing global population and limited environmental resources, sustainability issues
have become a significant concern worldwide. One such issue is the shorter product life cycle in the
currently dominant linear production based industrial economy. Rapid technological advancement
(Aziz et al., 2016a), frequently changing customer preference (Leon, 2015), and increasing market
competition (Chung et al., 2010) prompt manufacturing companies to introduce a variety of often
reduced lifespan products at a cheaper price. Therefore, manufacturers try to increase their profits
based on sales volume and overall cost reduction. However, these products quickly become
technologically (due to innovation through new knowledge), psychologically (due to changes in
customers' perceived need), or economically (due to high costs of repair and maintenance) obsolete
(Cooper, 2004) even before the end of their actual physical life and/or economic value (Umeda et al.,
2005a). This phenomenon ultimately makes the product life cycles shorter (Ho & Tsai, 2011) and
often leads the products to landfill (Lienig & Bruemmer, 2017) when replaced by newer product design
or features. In this context, it can be argued that an accelerated product obsolescence and a reduced
product lifespan entail inefficient use of scare resources and consequently have significant impact on
both the environment and the economy.
EPA
ic f S ai ab e Ma e ia s Management advocates to use products for a longer time in
order to reduce environmental impacts (EPA, 2019). Furthermore, product lifetime extension is one
of the three value drivers of the Circular Economy, which is a trending topic in the academia and
industry. A circular economy is an economic system aimed at minimizing waste and making the most
of resources (Andrews, 2015; Bakker et al., 2014). Extending a product's lifetime while maintaining
economic feasibility is also important for a product to align with the goals of the circular economy
that aims to increase resource efficiency (Hollander et al., 2017; Ghisellini et al., 2016). A recent study
c d c ed f he E
ea C
i i (EC) f
d ha a i i a i c ea e f 1% f a e added
by economic activities related to a longer lifetime for products would have an aggregated effect of 7.9
bi i EUR e ea ac
he E
ea ec
(M a
e a ., 2016, p. 1). This estimation
showcases the significant economic impact even a small extension of the useful life of product can
have. Thus, extending product life, in principle, could help to reduce the environmental impact and
increase the economic value of a product by influencing virgin inputs, waste outputs, and material
throughput of the economy (Aparisi & Ewijk, 2015). This strategy offers economic and environmental
benefits in many applications and industries (Linton & Jayaraman, 2005).
In our recent study (Khan et al., 2018), we have compiled a comprehensive list of product life
extension strategies and found that the midlife upgrade strategy, building on manufacturing
servitization and Product-Service System (PSS) business models, presents a promising potential to
extend product lifetime. Re & G eg
(2007) defi ed e i i a i a a cha ge
ce , he e
manufacturing companies adopt service orientation by developing new and better services, with the
ai
f fi c
e
eed , a ai c
e i i e edge a d e ha ce e a fi
e formance.
Alternatively, Baines et al. (2009) described servitization as the innovation of organizational
capabilities required to shift from selling products to selling PSS. The term of PSS was first introduced
This dissertation project is an amalgamation of seven papers listed in Table 1. Therefore, some of the content
in the following is derived from the papers previously published by the Ph.D. student.
1
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by Goedkoop et al. (1999), who defined it as
e
f
d c , e ice , e
k f a e a d
supporting infrastructure that continuously strives to be competitive, satisfy customer needs and have
a
e e i
e a i ac ha adi i a b i e
de .
Midlife upgrades describe the extension of product e ai i g ef ife b
ea
f g adi g
components, sub-systems or the like in response to certain triggers from users, the environment, or
market. In December 2015, the EC put forward an action plan (EU Commission, 2015) for the
implementation of the circular economy, which emphasizes on reparability, upgradability, durability,
and recyclability of products. Subsequently, in mid-2017, the European Union's parliament has asked
the EC to consider a voluntary European label covering upgradability among other eco-design features
(European Parliament, 2017). Product upgradability is also considered as one of the key elements for
the transition toward circularity of products (Tecchio et al., 2017). It allows optimized EOL treatments
of the replaced modules via more frequent and controlled use of remanufacturing and recycling
channels (Pialot et al., 2015).

2.0 Research Gaps, Objectives, Scopes, and Questions
Research Gaps: Despite being a potentially value-adding lifetime extension strategy, concrete cases of
successful midlife upgrades are currently not available in literature. And this concept has been treated
primarily in a theoretical fashion in the PSS literature with rare evidence of any practical
implementations and actual evaluations. Hence, the state of the art lacks empirical evidence regarding
the potential and outcome of successful midlife upgrades. Furthermore, explorative studies report a
low adoption of upgrade strategy by the manufacturers (Copani & Behnam, 2020; Khan et al., 2020).
In most cases, manufactures loosely provide a one-off upgrade service based on the request of their
individual customers (Khan et al., 2020). As suggested by Copani & Behnam (2020), the low adoption
of midlife upgrade strategy can be attributed to the limited strategic awareness and readiness of
manufacturing firms. Additionally, the existing scientific literature on upgrade strategy largely focuses
on the concept, consumer value, and design of upgradable products (Khan et al., 2018), while little to
e ha i i gi e
de a d a fac e
e ec i e
g ade e ice
i i f long
life-cycle products. I
de
faci i a e a fac e strategic awareness of and readiness for
upgrade service provision, it is important to better understand why certain vendors offer equipment
upgrade services and what they need to do to ensure that their upgrade service offerings succeed.
Research Objective: Based on the identified research gaps, this dissertation research aims to
accomplish the following objectives:
i.
ii.
iii.

To identify the issues and challenges associated with upgradeable PSS.
To investigate the potential of midlife upgrade strategy to extend a
d c useful lifetime.
To understand why certain manufacturers offer midlife upgrades and how they ensure the
success of their upgrade offerings.

Research Scope: The scope of this dissertation is limited to high-value capital equipment set in a B2B
environment with long operational lifetime. Replacement of capital equipment is often capital
intensive and time consuming, hence making midlife upgrade of capital equipment more relevant

2

compared to midlife upgrade of other products that are not capital intensive and nor time consuming
to replace.
Research Questions: Based on the previously presented objectives and scopes, the following research
questions are posed to ensure a well-structured dissertation outcome:
1. What are the associated issues and challenges of upgradable PSS that need further
investigation? [J1, C2, C3, C4]
2. Can midlife upgrade extend the useful life of capital equipment, and be a value-adding
alternative to traditional equipment replacement? [J2]
3. What are the main drivers that prompt manufacturers to offer midlife upgrades? [J3]
4. What resources and capabilities manufacturers need to provide successful upgrade offerings?
[J3]

3.0 Research Design
The amount of existing knowledge that is already available about a particular topic is the main
determinant of whether to carry out an exploratory or descriptive study. An exploratory design is most
appropriate when the research problem is at a preliminary stage and there are only few studies to refer
to (Yin, 2017). Given the novelty of the dissertation topic, an exploratory research design involving a
combination of different qualitative research methods such as literature review (J1, J2, C2, C3, C4)
case study analysis (J2, J3), and stakeholder interview (J2, J3) has been employed. Figure 1 illustrates
the research design employed in this dissertation.

Stakeholder
Interview

Literature
Review
Exploratory
Research

Case
Study

Figure 1: Exploratory research design.
3

4.0 Publication Outline and Brief Summary
This section presents an outline and a brief summary of the publications associated with this
dissertation. Figure 2 illustrates the publication outline showing the connection between each of the
seven papers.
In the beginning, the first conference paper (C1) based on a bibliometric analysis helped to identify
the top, most impactful journals in the field, prominent authors, and important keywords related to
PSS literature. The results of this paper also served as a basis to perform a systematic literature search
for the first journal paper (J1). This paper (J1) provides a comprehensive review of the literature related
to product upgradability. J1 resulted in the identification of following issues in terms of research gap:
research on upgradable PSS is still dominated by theoretical work and more empirical research is
necessary to further establish this concept (J2); there is a clear need to develop upgradeable PSSspecific design methodologies (C2) as well as associated sustainable business models (C4); and the
iea ea
ack k
edge e a ed
he
i i ai
f g adab e PSS e d f ife i
de
facilitate the dissemination of the circular economy (C3). Finally, the third journal paper (J3) provides
a framework that will help manufacturers to improve their strategic awareness of and readiness for
upgrade service provision.
4.1 Mapping of PSS research: a bibliometric analysis (C1): Numerous studies have been carried out on
the various aspects of PSS, such as design, management, business model, ICT, remanufacturing, etc.
Meanwhile, these studies were published in a diverse set of journals in many subject categories, such
as operations, service, marketing, environment, innovation, engineering design etc. In this context, it
is necessary to map PSS literatures in order to better understand the current research progress and
future research directions in terms of knowledge creation, diffusion and utilization. For this purpose,
this study performs bibliometric analysis to map the available literature of the PSS research field. The
following analyses were performed in this study: i) number of articles and proceeding papers per year,
ii) number of articles by author, iii) number of papers by source, iv) most cited papers, v) most used
keywords, and vii) keywords network. (writing in this paragraph comes from this previously published
work: Khan, M. A. & Wuest, T. (2018). Mapping of PSS Research: A Bibliometric Analysis. In
Proceedings of the 3rd North American Industrial Engineering and Operations Management
Conference, September 27-29, Washington, DC, USA)
4.2 Review on upgradability A product lifetime extension strategy in the context of product service
systems (J1): This study investigates the concept of upgradability while exploring its potential as a
product lifetime extension strategy. Several research papers regarding product upgradability have been
published in the past in a variety of settings and/or domains. However, the collective contributions
of these papers have yet to be summarized in order to provide a platform of knowledge for furthering
the research on upgradability. To contribute to the body of knowledge, this article aims to identify,
interpret, and summarize the current literature available on product upgradability. First results indicate
growing interest and promising potential of upgradability as a product lifetime extension strategy,
especially given the increasing importance of a product's middle of life phase in the context of PSS.
(writing in this paragraph comes from this previously published work: Khan, M. A., Mittal, S., West,
S., & Wuest, T. (2018). Review on upgradability A product lifetime extension strategy in the context
of product service systems. Journal of cleaner production, 204, 1154-1168)
4

What are the top journals that
publish PSS literature?
What are the frequently used
keywords in PSS literature?
Who are the prominent
authors of PSS literature?

C1

What is upgradability and
how is it commonly defined?
What are the issues
associated with upgradability?
What does upgradability
mean in the context of PSS?

J1
What are the key upgradeenabling PSS design features?
What are the steps of an
upgradable
PSS
design
framework?

Can midlife upgrade extend the
useful life of capital equipment?
Can midlife upgrade be a valueadding alternative to traditional
equipment replacement?

J2

C2

How can cascade use
methodology facilitate the endof-life management of PSS?

J3

What are the main
drivers that prompt
manufacturers to offer
midlife upgrades?
What resources and
capabilities manufacturers
need to provide successful
upgrade offerings?

C3
What are the specificities of
upgradable PSS and their
implication on the components
of the well-established Business
Model Canvas?

C4

Figure 2: Publication outline showing the connection between each of the seven papers.
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4.3 Towards a framework to design upgradable product service systems (C2): Even though several
PSS design methodologies were introduced in recent years, none of them focuses specifically on the
upgradability aspect of PSS. The purpose of this paper is to identify key upgrade-enabling design
features and provide a literature review on existing PSS design methodologies with a specific focus on
their adoption towards an upgradable PSS design framework. Additionally, this paper proposes a
conceptual design framework that emphasizes upgradability for PSS, in this initial stage, focused on
the beginning of life. This initial literature-based framework will be evaluated and expanded in future
research to reflect the requirements of practitioners and academics. (writing in this paragraph comes
from this previously published work: Khan, M. A. & Wuest, T. (2018). Towards a Framework to
Design Upgradable Product Service Systems. Procedia CIRP, 78, 400-405)
4.4 Cascade utilization during the end-of-life of product service systems: synergies and challenges (C3):
PSS, primarily due to their sustainability potential, have been identified as a promising lever that can
facilitate the transition towards a circular economy. However, a product may not be more resource
efficient or have reduced environmental impacts just because it is marketed through one of the various
PSS business models. In this regard, the comprehensive end-of-life management of PSS can play a
c cia
eb
a i i i g he i i a i
fa
d c
e ai i g a e. This paper considers the
applicability of the cascade use methodology the context of PSS. Additionally, this paper also explores
the possible synergies and associated challenges between PSS business models and cascade utilization.
(writing in this paragraph comes from this previously published work: Khan, M. A., Kalverkamp, M.,
& Wuest, T. (2019). Cascade Utilization During the End-of-Life of Product Service Systems: Synergies
and Challenges. Cascade Use in Technologies 2018, 1-7)
4.5 Upgradable product-service systems: implications for business model components (C4): Due to
novelty, complexity, and associated risks, upgradable products require a change in the general value
proposition structure of standard products. Consequently, manufacturers need to rethink customer
relationships, key partners, channels, revenue streams, etc. (i.e., business model) in order to align with
the new value proposition structure. This can be addressed by developing upgradable products as PSS
and then provisioning them with a business model that is designed specifically for upgradable PSS. To
provide a first step towards a comprehensive business model framework, this paper analyzes the
specificities of upgradable PSS and their implication on the components of the well-established
Business Model Canvas based on a literature review. In the future, a comprehensive business model
framework will be developed and validated using case study. (writing in this paragraph comes from
this previously published work: Khan, M. A. & Wuest, T. (2019). Upgradable product-service systems:
implications for business model components. Procedia CIRP, 80, 768-773)
4.6 Midlife upgrades: a servitization-enabled, value-adding alternative to traditional equipment
replacement (J2): The objective of this paper is to empirically investigate the potential of midlife
upgrade of capital equipment as a value-adding alternative to traditional equipment replacement in the
context of servitization. To this end, a replacement decision framework has been developed based on
the influencing factors and motivations behind equipment replacement. Then five case studies of
capital equipment are presented that have been upgraded to perform beyond their initial design
specification. These case studies are analyzed based on the replacement decision framework with the
goal of understanding whether the established influencing factors and motivations behind traditional
equipment replacement are also applicable to capital equipment midlife upgrades and if so, to what
6

extent. The findings indicate that all the upgraded equipment within the case studies continued to
provide value to its users and remained competitive despite the changes in technology, market
condition, and user requirements. Additionally, the case studies suggest that even if a long lifespan
equipment is not designed for upgradability, it may still be possible to upgrade certain equipment to
add e
e cha ged e ha ced eed . Case study analysis also revealed a large overlap of factors
that influence equipment replacement and midlife upgrade decisions. Overall, the findings suggest that
midlife upgrades have the potential to effectively postpone replacement while extending remaining
useful lifetime of the equipment. (writing in this paragraph comes from this previously published work:
Khan, M. A., West, S., & Wuest, T. (2020). Midlife upgrade of capital equipment: A servitizationenabled, value-adding alternative to traditional equipment replacement strategies. CIRP Journal of
Manufacturing Science and Technology, 29, 232-244)
4.7 Upgrade service provision for capital equipment - drivers, capabilities, and resources (J3): In order
faci i a e a fac e strategic awareness and readiness, first, this study reveals three sets of
drivers (i.e., strategic, marketing, and financial) that prompt manufacturers to offer equipment upgrade
services. Second, taking the resource-based view as a theoretical foundation, this study identifies
distinctive capabilities and resources that are key to generate successful upgrade offerings. Finally, this
study integrates the identified drivers, capabilities, and resources into a framework that manifests
different stages of industrial service development process, namely, market sensing, development, sales,
and delivery. This framework provides a foundation for future researchers to test, refine and expand
our understanding of why manufacturers provide upgrade services and what they need to do to ensure
that their upgrade service offerings succeed. Furthermore, this framework can be used as a
benchmarking tool to guide managers to identify capability gaps and then prioritize which capabilities
they should strengthen or develop first to create successful upgrade offerings.

5.0 Conclusion and Future Research Direction
The findings suggest that midlife upgrades are indeed a value-adding alternative to traditional
equipment replacement, especially when the equipment is supplemented by a servitized PSS business
model. The ability to satisfy evolving customers' preferences by integrating functional and
performance enrichments in a product is the core of the principle of upgradability. It presents an
opportunity that helps to extend product life by delaying unnecessary (early) replacement. This can be
achieved while enhancing customer retention and improving business opportunities for the
manufacturers at the same time.
Significant challenge for future researchers is to develop a comprehensive PSS design methodology
and sustainable business models that are specific to upgradable PSS. Another important challenge for
future researchers is to develop a comprehensive organizational strategy to assist the management of
g adab e PSS e d-of-life in order to facilitate the dissemination of the circular economy.
Furthermore, when critically reflecting on this research we could identify a few limitations. First, all
the case studies in this research come from large manufacturing companies. However, there are many
small and medium sized machine building companies whose perspective is missing in this research.
7

Hence, future research should include case studies of manufacturing SMEs who have limited resources
compared the big ones. Second, our findings indicate that drivers, resources, and capabilities may vary
from industry to industry. In this context, future research involving multiple case studies from
individual industrial sectors may result in more accurate and comprehensive set of drivers, resources,
and capabilities. Finally, the scope of this research is limited to B2B transactions of high-value capital
equipment with long operational lifetime. However, in order to facilitate the implementation of the
circular economy, future research should explore the potential of midlife upgrade strategy in the
context of durable consumer goods such as vacuum cleaner or washing machine.
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Abstract
The importance of services in manufacturing is getting increasingly evident as the benefits of PSS becoming
more and more documented. The prospective for these benefits is motivating manufacturers and scholars
to explore servitization, and PSS strategies. Consequently, the number of publications focused on PSS, as
well as scholarly interest, has continued to grow exponentially. Numerous studies have been carried out on
the various aspects of PSS, such as design, management, business model, ICT, remanufacturing, etc.
Meanwhile, these studies were published in a diverse set of journals in many subject categories, such as
operations, service, marketing, environment, innovation, engineering design etc. In this context, it is
necessary to map PSS literatures in order to better understand the current research progress and future
research directions in terms of knowledge creation, diffusion and utilization. For this purpose, this study
performs bibliometric analysis to map the available literature of the PSS research field. This is crucial to
help scholars in identifying and conducting new and innovative research within their discipline. The
following analyses were performed in this study: i) number of articles and proceeding papers per year, ii)
number of articles by author, iii) number of papers by source, iv) most cited papers, v) most used keywords,
and vii) keywords network. The main differentiator of this study to previous ones is the inclusion of
conference proceedings to reflect the novelty of the topic.

Keywords
PSS; product-service system; servitization; bibliometric analysis; network analysis; smart manufacturing; industry 4.0

1. Introduction
In 1999, Goedkoop et al. (1999) introduced the term Product-Service Systems (PSS) and defined it as system of
products, services, networks of players and supporting infrastructure that continuously strives to be competitive,
satisfy customer needs and have a lower environmental impact than traditional business models . However, PSS can
be understood as a special case of servitization - a concept introduced by Vandermerwe and Rada in 1988, long before
PSS were introduced. Servitization describes the phenomenon of manufacturing firms developing value proposition
by incorporating additional services (Baines et al., 2007) in order to attain a competitive edge in the market (Porter
and Heppelmann, 2014). Servitization and PSS, both describe the same concept (i.e., a marketable set of products
and services ) but PSS usually involves the sustainability context in addition to the somewhat economic only context
of servitization.
With benefits of PSS are getting documented (Baines et al., 2007), the importance of services in manufacturing is
becoming increasingly evident (Bustinza et al., 2015). A business strategy built around the PSS concept establishes a
value proposition in which manufactures retain the product ownership and are responsible for its functionality,
maintenance, upgrade, and end of life strategies. This transfer of the responsibility to manufacturer creates an incentive
for them to design best possible products in terms of superior functionality, reduced operational (i.e., less consumables
inputs) and maintenance cost, and better recyclability (Vaittinen, 2013). As a result, PSS may prove to be a more
resource-efficient and effective solution with less environmental impact compared to conventional product-oriented
solutions. On the other hand, a solution composed of physical products and related services may be harder to replicate
for a competitor, compared to solely product and process-based manufacturing (Martinez et al., 2010). Additionally,
integrated services mean more satisfactory experience for customers and generally increased revenue for the
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manufacturers (Annarelli et al., 2016). The prospective for these benefits is motivating manufacturers and scholars to
explore servitization, and PSS strategies.
Consequently, the number of publications on PSS, as well as scholarly interest, has continued to grow exponentially.
Numerous studies have been carried out on the various aspects of PSS, such as design, management, business model,
ICT, remanufacturing, etc. Meanwhile, these studies were published in diverse journals of many subject categories,
such as operations, service, marketing, environment, innovation, engineering design etc. (Baines et al., 2007). In this
context, it is necessary to map PSS literatures in order to better understand the current research progress and future
research directions in terms of knowledge creation, diffusion and utilization. For this purpose, bibliometric analysis
has proven (De Battisti et al., 2013) to be a useful tool to map the literature around PSS research field in order to help
scholars in identifying and conducting new streamlines of research within the discipline.
There are few studies that have used bibliometric techniques to analyze certain aspects of servitization and the PSS
disciplines. Beuren and Miguel (2012) used bibliometric analysis to carry out a systematic literature review on PSS.
Oliveira et al. (2015) developed quantitative matrices for PSS research field with the aim of supplementing qualitative
literature reviews. Homrich and Carvalho (2016) used bibliometric and content analysis to analyze relationship
between servitization and sustainability. Martin-Pena et al. (2017) identified the literatures that have had the greatest
impact on research on servitization using bibliometric analysis. All these studies were performed using a small sample
of selected journal articles that were published before July 2015. Furthermore, none of the previous studies included
conference proceedings, which are a source for current, cutting edge research, particularly in relatively new and
dynamic disciplines such as PSS that are not fully matured yet. Table 1 summarizes the samples used in abovementioned studies that involved bibliometric analysis to some extent.
Table 1. Summary of samples used for bibliometric analysis in previous studies.
No. of
No. of
Literature
Period
Articles Proceedings
Beuren (2012)
2006 - 2011
105
N/A
Oliveira (2015)
2002 - 2013
118
N/A
Homrich (2016)
2007 - July 2015
57
N/A
Martin-Pena (2017)
1992 - March 2015
343
N/A
This study (2018)
2000 - 2017
562
695
The purpose of this study is to map the PSS literatures in order to better understand the scientific progress, publication
trend, and collaboration networks. In contrast to previous studies, this study contributes to the body of knowledge
through a more systematic and updated analysis of scientific contributions on PSS and servitization. After the
introduction, the paper is structured as follows: section 2 describes the research methodology in detail; section 3
visualizes and explains the results obtained from bibliometric analysis and section 4 is conclusion.

2. Methodology
This study analyses the research on PSS until December 2017 by means of bibliometric analysis, which is a systematic
approach that can quantitatively analyze scientific publications in order to identify particular research phenomena
(Jacobs, 2010). The research methodology followed in this study consists of three main steps (Figure 1): (i) database
selection and literature identification; (ii) screening identified literatures for relevancy to PSS/servitization; (iii) apply
bibliometric analysis and generate outputs.
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Figure 1. Overview of the research methodology
In the first step, we have selected Web of Science (WoS) as our database. This database has been chosen for including
the core academic literature related to the subject of interest, and for providing essential metadata (i.e., respective
abstracts, references, number of citations, list of authors, institutions and countries) for bibliometric analysis (Carvalho
et al., 2013). Following, we conducted a keyword search in the database (2000 to 2017) using the search string:
"product service system" or "product-service systems" or "servitization" or "servitisation" or "servicizing", resulting
in 654 journal articles and 859 proceeding papers. As journal articles are more acceptable and considered to be
certified knowledge , we decided to emphasi e more on articles and perform bibliometric analysis separately from
proceeding papers.
In the second step, after reading the titles and in selected cases the abstracts of all 654 articles and 859 proceeding
papers, 92 articles and 164 proceeding papers were excluded as these papers are not directly related to
PSS/servitization based on our understanding. This exclusion resulted in final sample of 562 relevant articles and 695
proceeding papers. A similar methodology has also been applied previously by Oliveira et al. (2015) for analyzing the
PSS research field. However, in our study, we developed and used an improved search string that resulted in a greater
number of papers during the same period of time. Furthermore, our study includes five times more journal articles
compared to their study. This is mainly due to the fact that the number of PSS articles has increased exponentially
since (Oliveira et al., 2015) conducted their study. We have also included proceeding papers in our study. Therefore,
we believe our analysis provides additional value and an original contribution to the body of knowledge in the field
of PSS research.
In the third and final step of the study, we applied the bibliometric analysis to the identified literature. Based on the
publications selected in the previous steps, we developed a number of tables and graphs using VOSviewer software
(Van Eck and Waltman, 2010; 2011). The following analyses were performed in this study: i) number of articles and
proceeding papers per year, ii) number of articles by author, iii) number of papers by source, iv) most cited papers, v)
most used keywords, and vii) keywords network.

3. Results and Discussion
Figure 2 shows the distribution of the publications over the years. An exponential trend in the number of both journal
articles and proceeding chapters can be observed during the last few years, indicating a fast-growing interest in PSS
research. It is also interesting to note that only 11% of the 562 journal articles were published up until 2010, which
means that the last seven years were particularly productive.
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Figure 2. The distribution of the publications over the years
Over the entire period under review, and according to our selection criteria, the Journal of Cleaner Production (72
articles) has published the majority of papers in the field of PSS, followed by the Int. Journal of Production Research
(22 articles) and Int. Journal of Operations Production Management (17 articles) (Table 2).
Table 2. Number of PSS papers per journal.
Rank

Journals

Articles

Citations

1

Journal of Cleaner Production

72

3,156

Impact
Factor (2016)
5.715

2

Int. Journal of Production Research

22

284

2.325

3

Int. Journal of Operations & Production Management

17

406

3.339

4

Industrial Marketing Management

16

143

3.166

5

Part B: Journal of Engineering Manufacture

12

526

1.366

6

Production Planning & Control

12

40

2.369

7

Int. Journal of Adv. Manufacturing Technologies

11

162

2.209

8

Computers in Industry

10

200

2.691

9

Research-Technology Management

9

43

2.429

10

Int. Journal of Computed Integrated Manufacturing

9

42

1.949

Table 3 shows the top conferences ranked based on number of papers. IPS2 is by far the largest source of relevant
conference papers (35%) that are indexed in WoS. APMS and ICED are the other two major conferences that publish
PSS papers.
The 562 journal articles were written by 1,138 authors and co-authors. Together, they used 19168 cited references and
1,376 keywords. These documents were produced by 436 research institutions from 41 countries and published in 132
journals. As for the 695 conference papers, they were published by 1261 authors and co-authors, who used 9,865 cited
references and 1589 keywords.
Table 3. Number of PSS papers per conference.
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Rank

Conferences

Documents

Citations

1

CIRP Conference on Industrial Product-Service Systems (IPS2)

247

672

2

International Conference on Engineering Design (ICED)

25

7

3

Advances in Production Management Systems (APMS)
ASME International Design Engineering Technical Conferences &
Computers and Information in Engineering Conference (IDETC/CIE)
CIRP Conference on Manufacturing Systems (CIRP-CMS)

20

28

18

2

17

67

11

1

11

4

International Conference on Product Lifecycle Management (PLM)

9

3

9

International Conference on Through-Life Engineering Services

9

13

10

International Conference on Service Systems and Service Management
(ICSSSM)

8

0

4
5

International Conference on Industrial Engineering and Engineering
Management (IEEM)
Portland International Center for Management of Engineering and
Technology (PICMET)

6
7
8

The most prominent authors are Baines (18 articles), Roy (15 articles) and Lightfoot (10 articles). Other highly
productive authors in the field are Park, Sakao, Raddats, Durugbo, Parida, Pezzotta and Zhang (Figure 3).
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Figure 3. Prominent journal article authors
Table 4 shows the 10 most cited journal articles on PSS published between 2000 and 2017. The longer an article has
been published, the higher the likelihood to be cited and, generally, the higher the number of overall citations. For this
reason, the number of citations since 2013 (the most current paper in this list is from 2013) was also calculated to
provide a different index for comparison. Citation-wise, these articles were found to be in the similar ranking position
in Google Scholar. The top-ranking paper, with 633 citations, was published in Journal of Cleaner Production. The
second-ranking paper was a review article published in Journal of Engineering Manufacture in 2007 with 584 citations.
Table 4. Top journal articles (ranked by citations).
Article

Title

Mont (2002)

Clarifying the concept of product-service system
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Article

Title

Baines (2007)

State-of-the-art in product-service systems

Meier (2010)

Industrial Product-Service Systems-IPS2
Product-services as a research field: past, present and future.
Reflections from a decade of research
Lifecycle oriented design of technical Product-Service Systems
A strategic design approach to develop sustainable product
service systems
Developing new product service systems (PSS): methodologies
and operational tools
Sustainable product-service systems
Product-Service Systems Engineering: State of the art and
research challenges
Servitization: Disentangling the impact of service business
model innovation on manufacturing firm performance

Tukker (2006)
Aurich (2006)
Manzini (2003)
Morelli (2006)
Roy (2000)
Cavalieri (2012)
Visnjic Kastalli
(2013)

Total
citations
584

Citations
since 2013
226

336

135

275

83

250

83

218

108

162

79

127

41

121

92

117

117

Table 5 lists the frequently used keywords by the authors. It is no surprise that PSS and Servitization are the most used
keywords. The authors keywords found in journal articles and proceedings are more or less similar.

Keyword (Articles)

Table 5. Frequency of PSS keywords.
Occurrences
Keyword (Proceedings)

Occurrences

product-service systems

281

product-service systems

443

servitization

184

servitization

123

sustainability

54

design

67

design

36

business model

58

business model

32

sustainability

43

services

31

services

32

service innovation

26

service innovation

26

case study

22

service engineering

22

knowledge management

15

case study

19

manufacturing

15

manufacturing

17

Bibliometric tool VOSviewer is used to construct Figure 4, which shows the co-occurrence network of keywords that
occurred in the title or abstract of at least 15 papers. The size of a circle reflects the frequency of that keyword while
the distance and width of the connecting line between two keywords respectively indicates the frequency of their cooccurrence and the strength of the relatedness between them. In figure 4, there are four clusters of keywords.
Servitization is the central keyword of green cluster and the other keywords of this clusters are business model, service
innovation, integrated solution, etc. This outcome matches with the observation of Annarelli et al. (2016) that the term
servitisation is most of the time used in a purely economic context. On the other hand, PSS is the central keyword of
red cluster and the other keywords of this clusters are sustainability, circular economy, remanufacturing, etc. This
outcome also conforms to the observation of Beuren et al. (2013) that the term PSS is referenced when there is an
interest of lower environmental impact of the offerings.
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Figure 4. Keyword network

4. Conclusion
This study provided a quantitative overview of productivity and visibility of research work in PSS research field. For
this purpose, we identified 562 journal articles and 695 conference papers in the web of science database and
performed bibliometric analysis to discover progress of the PSS research field, main sources of the contributions
(journals and conferences), main authors, principle articles and most frequently used keywords.
Figure 2 confirms that in the last decade the interest in PSS research grew significantly and has not shown any notable
decline yet. The major source of PSS articles is the Journal of Cleaner Production, which focuses on cleaner
production, environmental, and sustainability research and practice. This is relatable considering the fact that the
authors often consider the PSS business model to be more sustainable and environment friendly. Figure 4 depicts the
difference in definition between PSS and servitization that PSS usually involves the sustainability context in addition
to the somewhat economic only context of serviti ation. In order to better identify research trend and prioritize
research efforts in PSS, future research may include thematic analysis with the aim to discover key issues related to
PSS and servitization.
There are a few limitations of this study that need to be considered. The screening criteria used in this study may be
vulnerable to both unintentional and intentional bias in the selection of relevant contributions. Although we have taken
a transparent and comprehensive search method, the search was carried out only in the WoS database, which may not
include all relevant PSS publications. Also, the citation data presented in this study is different from Google Scholar,
this is because WoS counts the citation only if the citing paper is indexed in WoS.
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Reduced product lifespan results in accelerated ﬂow of materials and ultimately more waste. Rapid
technology cycles, frequently changing consumer preferences and increasing market competition, provide consumers with an opportunity to use products with more functions and better quality at a cheaper
price. Consequently, these products quickly become technologically, psychologically, or economically
obsoletedeven before the actual end of their physical life/economic valuedresulting in shorter product
life cycles. These products are often disposed as landﬁll. In this context, it can be argued that reduced
product lifespan has a signiﬁcant impact toward, both the environment and the economy. To address this
issue, our study investigates the concept of upgradability while exploring its potential as a product
lifetime extension strategy. Several research papers regarding product upgradability have been published
in the past in a variety of settings/domains. However, the collective contributions of these papers have
yet to be summarized in order to provide a platform of knowledge for furthering the research on upgradability. To contribute to the body of knowledge, this article aims to identify, interpret, and summarize the current literature available on product upgradability. First results indicate growing interest
and promising potential of upgradability as a product lifetime extension strategy, especially given the
increasing importance of a product's middle of life phase in the context of Product-Service Systems (PSS).
Additionally, upgradability facilitates the implementation of the circular economy, the dissemination of
PSS, as well as remanufacturing approaches. However, our ﬁndings show that research on upgradable
PSS is still dominated by theoretical work and more empirical research is necessary to further establish
this concept. In terms of future work, there is a clear need to develop upgradeable PSS-speciﬁc design
methodologies as well as associated sustainable business models.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Our society is facing signiﬁcant environmental challenges,
partly due to the rapid development of consumer goods' consumption. At the current rate of consumption, it takes 1.5 years for
our planet to fully regenerate the renewable natural resources used
by humanity in 1 year (WWF, 2012). This trend of overconsumption may put the livelihoods of future generations at
stake by increasing the release of hazardous materials into the
nature that has limited absorption capacity (Lienig and Bruemmer,
2017). In 2010, the annual amount of raw materials extracted,
harvested, and consumed worldwide reached almost 72 billion
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tons. That is twice the amount it was in 1980 (OECD, 2015). Additionally, in line with the growth of global economic activity, material consumption is expected to reach 100 billion tons by 2030
(Lutz and Giljum, 2009). This current pattern of mass consumption
in combination with a linear production focused industrial economy is highly problematic. This pattern of products being produced,
consumed discarded and ﬁnally disposed of as waste, increases the
environmental burdens tremendously (Okumura et al., 2001) by
rapidly depleting the earth's resources.
Some of this accelerated use of materials can be traced back to
product obsolescence and reduced product lifetime (Echegaray,
2016; Wieser, 2016). Even though consumers may be satisﬁed
with the lifetime of their everyday products (Gnanapragasam et al.,
2017), several empirical studies suggest that the median lifetimes
of consumer products are in decline (Bakker et al., 2014; Huisman
et al., 2012; Prakash et al., 2016; Wang et al., 2013; Schridde
et al., 2014). However, contrary to these ﬁndings, a few authors
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have argued that the replacement cycles of certain consumer durables may not be decreasing (Wieser, 2017; Oguchi and Daigo,
2017).
Rapid technology cycles (Aziz et al., 2016a), frequently changing
consumer preferences (Leon, 2015) and increasing market
competition (Chung et al., 2010) provide consumers with an opportunity to use products with more functions and better quality at
a cheaper price. Consequently, these products quickly become
technologically (due to innovation through new knowledge), psychologically (due to changes in consumers' perceived need), or
economically (due to high costs of repair and maintenance) obsolete (Cooper, 2004) even before the end of their actual physical life/
economic value (Umeda et al., 2005a). This ultimately results in
shorter product life cycles (Ho and Tsai, 2011). These products are
often disposed as landﬁll (Lienig and Bruemmer, 2017), when
replaced by newer product design or features. In this context, it can
be argued that a reduced product lifespan has a signiﬁcant impact
on both the environment and the economy. This stands especially
true for products with rapid technology cycles like smartphones,
computers and even today's cars to some extent.
Through product life extension, the utilization period of a
product is extended, resulting in a slowdown of the ﬂow of materials through the economy (Bocken et al., 2016a). Thus, extending
product life, in principle, could help to reduce the environmental
impact and increase the economic value of a product by inﬂuencing
virgin inputs, waste outputs, and material throughput of the
economy (Domenech Aparisi and Van Ewijk, 2015). This strategy
offers economic and environmental beneﬁts in many applications
and industries (Linton and Jayaraman, 2005). A recent study conducted for the European Commission (EC) found that “a minimal
increase of 1% of value added by economic activities related to a
longer lifetime for products would have an aggregated effect of 7.9
billion EUR per year across the European economy” (Montalvo
et al., 2016). This estimation showcases the signiﬁcant impact, in
this case the monetary impact, even small extensions of the useful
life of product can have. Extending a product's lifetime while
maintaining economic feasibility is also important for a product to
align with the goals of the circular economy (Andrews, 2015;
Bakker et al., 2014) that aims to increase resource efﬁciency
(Hollander et al., 2017; Ghisellini et al., 2016).
1.1. Existing product life extension strategies
There are several strategies by which a product's life can be
extended. Each of these strategies presents unique opportunities,
associated challenges, and economic beneﬁts. In order to identify a
list of popular strategies, this study built on Bocken et al., (2016a),
Linton and Jayaraman, (2005) and Den Hollander and Bakker,
(2012), where the authors have catalogued most of the
commonly used product life extension strategies. Furthermore,
after adding a few additional strategies from the more recent
literature, we have classiﬁed the strategies based on their deﬁnition
into three product lifecycle stages: Beginning of Life (BOL), Middle
of Life (MOL) and End of Life (EOL). Table 1 includes brief descriptions of these strategies.
One general barrier regarding product life extension strategies is
the perception that they diminish the manufacturer's business
opportunity to increase new product sales (Aziz et al., 2016a;
Montalvo et al., 2016; Besch, 2005). In the worst case, the manufacturers cannibalize their own, next generation products, which
often have a higher proﬁt margin. As a remedy, the manufactures
sometime implement planned obsolescence with the intention to
sell replacement products sooner (Aladeojebi, 2013; Chierici and
Copani, 2016). For the successful implementation of a product
lifetime extension strategy, the interest, business environment and
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business model of the manufacturer has to be carefully taken into
consideration. The adapted business models need to reﬂect the
value proposition and competitive landscape of the manufacturer
to allow a sustainable operation. One way to overcome this obstacle
is to decouple the business success of companies from the number
of products sold. This can be achieved by utilizing the business
model of Product-Service Systems (PSS). This can for example mean
outcome/performance-based contracts, where much of the usage
phase responsibility is transferred to the manufacturer, while the
user/consumer pays for the service provided by the PSS (Manzini
and Vezzoli, 2002). This conﬁguration allows the manufacturers
to capture values, and make a proﬁt that are dispersed throughout
the lifecycle. A PSS business model also provides opportunities to
achieve sustained competitive advantage, lock-in consumers, increase revenue and provide a channel through which products can
be systematically retrieved to apply EOL alternatives to landﬁlls,
e.g., remanufacturing or recycling.
1.2. Upgradability as product life extension strategy and element of
the circular economy
In the literature, circular economy themes such as design for
upgradability, maintainability, remanufacturing and recycle have
limited focus on the MOL phase (Boks and McAloone, 2009), (Daae
et al., 2017). In the past, product manufacturers used to have very
limited access to MOL data once the products were sold (Wellsandt
et al., 2015). However, with the exponential growth (Khan and
Wuest, 2018a) in interest regarding servitization and PSS, the
importance of the MOL phase is becoming more evident (Wuest
and Nana, 2016). Our study investigates the concept of upgradability while exploring its potential as a product lifetime extension
strategy, especially in the context of PSS. Assumption of this
concept is that the periodical upgradation, enabled by design for
upgradability features during the BOL phase, will enable implementation of technological innovations into products during the
MOL and the EOL phase with reduced effort/cost. The vehicles for
this are midlife upgrades and remanufacturing with upgrades to
satisfy evolving consumers' preferences (while ensuring customer
retention and loyalty). This consequently leads to an increase of the
product's useful life and decrease of early retirement (landﬁll).
Upgradability is also considered as one of the key elements for
the transition toward circularity of products (Tecchio et al., 2017). It
allows optimized EOL treatments of the replaced modules via more
frequent and controlled use of remanufacturing and recycling
channels (Pialot et al., 2015). In December 2015, the EC put forward
an action plan (EU Commission, 2015) for the implementation of
the circular economy, which emphasizes on reparability, upgradability, durability, and recyclability of products. Subsequently, in
mid-2017, the European Union's parliament has asked the EC to
consider a voluntary European label covering upgradability among
other eco-design features (European Parliament, 2017).
1.3. Objective, scope, and research questions
Several research papers have been previously published that
focus on the concept of upgradability in a variety of settings/domains. However, the collective contributions of these papers have
yet to be summarized in order to provide a platform of knowledge
for furthering the research on upgradability.
To extend the existing body of knowledge, this article aims to
identify, interpret, and summarize the literature available on
product upgradability while exploring its potential as a product life
extension strategy, especially in the context of PSS. Hence, this
study has taken a systematic literature review approach.
Based on the overall objective, we pose the following three
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Table 1
Different product life extension strategies.
Lifecycle
phase

Product life extension strategy Description

Beginning
of Life

The ability of a product to perform the function(s) it was designed and built for an extended period of time without
breaking down and without showing excessive wear and tear (Bocken et al., 2016b).
Design for reliability
Design for high probability that a product will operate throughout a speciﬁed period without experiencing failure, when
maintained according to operational instructions (Moss, 1985).
Design for product attachment The strong bond of love, trust, and likeliness that users feel with a product (Bocken et al., 2016b), due to the service it
provides, the information it contains, and the meaning it conveys (Chapman, 2009).
Design for ease of
Designing for ease of maintenance and repair. Maintenance is the tasks performed to retain functional capability of a
maintenance and repair
product. Repair is the tasks performed to restore the working condition of a damaged product (Bocken et al., 2016a).
Design for upgradability
Design for Upgradability is a means to facilitate the enhancement of a product's functional as well as physical ﬁtness for
ease of upgrade (Xing and Belusko, 2008).
Design for disassembly and
Design for disassembly and reassembly features allow the products and parts to be separated and reassembled easily
reassembly
(Bocken et al., 2016a).
Part standardization
The provision of products and their parts with common product platform (Liker and Morgan, 2011) and more
interchangeability than is logically necessary (Farrell and Saloner, 1985).
Design for modularity
Design for modularity has similar characteristics to ‘design for disassembly/reassembly’ and ‘part standardization’. However,
the objective of design for modularity is to achieve the maximum level of simpliﬁcation and standardization in product
design (Abdullah et al., 2006).
Product pooling/sharing
The use of a product by two or more users, either at the same time (pooling) or sequentially (sharing) (Tukker, 2004).
Product reuse/redistribute
To use a product for second or further time. Reuse includes leasing of a product and sale of a product to a new owner by the
current owner (Linton and Jayaraman, 2005).
Recall
A request for the return of a product (esp. one suspected to be faulty or dangerous), issued by a manufacturer to all
purchasers concerned (Oxford, 2017).
Preventative maintenance
Routine maintenance intended to reduce the probability of failure or prevent degradation of the functioning of a product
(Wu and Zuo, 2010).
Predictive maintenance
A condition-driven preventative maintenance program. Uses direct monitoring of the mechanical condition, system
efﬁciency, and other indicators to determine the actual mean time to failure or loss of efﬁciency (Linton and Jayaraman,
2005).
Repair
To restore (a damaged, worn, or faulty object or structure) to good or proper condition by replacing or ﬁxing parts
(Oxford, 2017).
Midlife upgrade
The process that involves improvement of functionality and capability of a product during its use phase to extend its
useful life (West and Wuest, 2017).
Remanufacture with upgrade Remanufacturing with upgrade helps to introduce technological innovation to the remanufactured products, elevating it
above the “original” to satisfy evolving consumers' preferences (Chierici and Copani, 2016).
Remanufacture
Remanufacturing describes industrial processes that transform products that reached their EOL to a like-new functional
€
state or at least to current speciﬁcations while recuperating value from those products in mass production levels (Ostlin
et al.,
2009). While majority of the literature view remanufacturing as an EOL strategy, there are selected researchers who consider
€
placing it between EOL and MOL (Ostlin
et al., 2009), (Lindow et al., 2009).
Refurbish
The process of inspecting, testing and ﬁnally restoring the operational condition of used or consumer returned
products. Compared to remanufactured products, refurbished products are considered of lower quality (Benkherouf et al.,
2016) as they cannot be retrieve to the original quality that of a new product (Christy et al., 2017).
Part reuse
The part reuse focuses on the same use of a part in the same form without remanufacturing (Linton and Jayaraman, 2005).
Recycle
To reuse a product's constituent materials in an industrial process (Lienig and Bruemmer, 2017); to return (material) to a
previous stage of a cyclic process (Oxford, 2017).

Middle of
Life

End of Life

Design for durability

research questions to guide this literature review:
RQ1. What is upgradability and how is it commonly deﬁned?
RQ2. What are the issues associated with upgradability?
RQ3. What does upgradability mean in the context of PSS?
Our methodology involves identiﬁcation and analysis of relevant literature that is retrieved from the Web of Science (WoS)
database by using a range of keywords and search strings associated with upgradability. Contributions on the topic of adaptability
are considered outside the scope of this study.
We noticed that several of the publications of this review use
the terms customer (as in ‘who buys the product’) and consumer
(as in ‘who uses the product’) interchangeably; but a customer and
consumer may not always be the same entity. For easier reading in
this paper, we assumed that consumers are both the buyer and user
of products. Hence, we chose to continuously use the term consumer in rest of the paper except for established terms such as
‘customer retention’ or ‘customer loyalty’.
1.4. Structure of the paper
This paper is organized as follows: In section 2, the research

methodology is presented. We illustrate the detailed process that
was applied to search and select relevant literature to answer the
research questions. The following section 3 presents general ﬁndings and the thematic analysis of the selected literature. Next, in
section 4, results are discussed in accordance with the posed
research questions. Section 5 concludes the paper and presents the
limitations as well as an outlook on future research.
2. Research methodology
To address the above-mentioned objective and research questions, we conducted a systematic literature review (Tranﬁeld et al.,
2003). A systematic review is deﬁned as a type of review that follows a strict methodology to enable rationality, transparency, and
replicability for selecting and evaluating scientiﬁc publications.
Therefore, in this section, the authors provide detailed information
about the procedure that was applied to search and select relevant
literature. A schematic of the whole literature identiﬁcation process
applied in this study is illustrated in Fig. 1.
2.1. Selection of references
Extraction of the relevant literature begins with the selection of
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Fig. 1. Systematic literature review ﬂow diagram.

the information source, i.e., a database for academic publications.
For this purpose, we compared two large databasesdWoS and
Scopus; and decided to choose WoS. While Scopus provides around
20% more coverage (Vieira and Gomes, 2009), WoS is considered to
have more depth and a higher quality (Aghaei Chadegani et al.,
2013). WoS covers research from both major and minor publishers, including Elsevier, Springer, Taylor and Francis, Wiley, Sage,
and Emerald, among others.
An initial search with the keyword ‘upgrad*’ (the symbol ‘*’
includes any variation of the associated word, i.e., upgrade, upgradability, upgradeability, upgrading, etc.) generated 59,795 documents (status on 21 November 2017) in WoS. Most of these
documents had little to do with product upgradability and merely
happened to contain at least one of the variations of the keyword
‘upgrad*’ in the title, abstract or keywords. For instance, many of
the papers were about upgrades of bio-oil, materials, or water
quality, which are clearly outside of our scope. This large number of
documents was reﬁned through the following three steps that are
inspired from a recent highly cited systematic review paper (Reim
et al., 2015) from a closely related ﬁeld.
2.1.1. Identifying references and applying practical screening
To ensure that only relevant documents are included in the
initial search query, we employed rational screening criteria based
on related keywords and WoS subject categories. In search for those
relevant keywords and subject categories, we used the core
keyword ‘upgradability’ to ﬁnd the documents with central contributions and then performed bibliometric analysis on them.
The initial search result for the search string “upgradability or
upgradeability” (different authors and regions use different spellings) generated 252 documents. These publications were double
checked by two individual researchers on the basis of titles and
abstracts to determine whether they were central to the topic or
not. This step reduced the number of documents to 29. In order to
extract the most frequently used keywords and WoS categories

from these documents, we used bibliometric software VOSviewer
and WoS analysis tools respectively. Then the extracted keywords
and categories were ﬁne-tuned to ensure that all 29 core documents were returned in the ﬁnal database search.
Using the combination of the keywords found from bibliometric
analysis (Table 2), we came up with the following search string:
“upgrad* and (product or design or modular* or sustainabl* or
reuse or re-use or lifecycle or "life cycle")”
This search string reduced the initial search result from 59,795
to 20,096. And, after limiting the search result based on the eight
WoS categories (Table 3), the number of documents was reduced to
3805. No other limiting criteria were used, for example restricting
the timeframe of the search or excluding conference papers. On the
contrary, we intentionally included conference papers in this study.
The reasoning behind this decision is that the documents covering
the topic of upgradability are not always published in journals as it
is still a relatively new and emerging topic.
2.1.2. Applying theoretical screening criteria
Since the purpose of this study is to identify, interpret and
summarize the literature available on product upgradability, only
papers that focused on concepts such as design for upgradability,
upgrade for lifetime extension, midlife upgrade, remanufacturing
with upgrade, upgradable PSS, modular upgrade and upgrade for
multiple lifecycle were included. Some examples of topic that were
considered not relevant are software upgrades speciﬁc to computer
science domain, water treatment/power plant upgrades, and catalytic upgrades.
The 3805 papers identiﬁed during step 1 were screened based
on the above-mentioned theoretical screening criteria. For this
purpose, two of the authors separately checked all the titles to ﬁnd
relevance to the review. We were able to eliminate more than 80%
of the papers based on the titles alone, which reduced the total
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Table 2
List of most frequently used keywords in the core selection of documents.
Keyword

Coverage

Hits

upgrad*
Product
Design
modular*
sustainabl*
Reuse or re-use
Lifecycle or "life cycle"

upgrade; upgradability; upgradeability
product; product architecture; product design; product life; product development; product life cycle
design; product design; design for upgrad*; design methodology; modular design; upgrade design
modular design; modular upgradability; modular-in-use; modularity; modularly upgradable
sustainability; sustainable; sustainable consumption; sustainable innovation; sustainable operations; sustainable systems
reuse; re-use
lifecycle; life cycle; multiple Lifecycle

29
26
23
14
8
5
3

Note: Search termsdremanufactur*, “circular economy”, adaptabl*, “middle of life”, midlife, "usage phase", "use phase" and “end of life”ddidn't result in any additional
publications. The ﬁnal search string was ﬁne-tuned to exclude these terms.

Table 3
List of relevant WoS categories identiﬁed from the core selection of documents.
WoS Categories

#

%

Engineering Industrial
Engineering Environmental
Engineering Manufacturing
Operations Research Management Science
Management
Engineering Multidisciplinary
Computer Science Information Systems
Engineering Mechanical

9
8
7
5
5
4
3
1

27%
24%
21%
15%
15%
12%
9%
3%

Note: WoS CategoriesdEnvironmental Sciences; Computer Science Interdisciplinary Applications; Green Sustainable Science Technology; Business; Engineering
Electrical Electronic; Telecommunications; Automation Control Systems; Computer
Science Artiﬁcial Intelligence; Engineering Chemical and Roboticsddid not result in
any additional publications to be included.

number of documents to 619. The remaining publications were
carefully ﬁltered based on their abstracts. In cases where the abstract did not allow an informed decision, the full paper was read.
This step established a portfolio of 43 documents that we considered directly relevant to our research inquiry. As we have used a
single search string instead of individual keywords, there were no
duplicate records in the search result. Nevertheless, we have
created Table 4 that further illustrates the initial search results and
ﬁltered documents for the different search terms to provide additional context.
2.1.3. Backward and forward search of references and leading
authors' publications
In order to extend the selection and to ensure to cover all
relevant publication on the topic, we additionally applied a backward and forward search and an analysis of the leading authors'
publications in the domain. In this step, the references of all 43
papers identiﬁed during step 2 were analyzed, and a backward and
forward search was conducted, which led to 13 additional papers.
We assumed that authors with most publications are the prominent ﬁgures in the domain of upgradability. Based on this
assumption, we checked the publication record of the top 10

authors by the number of relevant publications, which led to 4
additional papers. Therefore, this step helped us to identify a total
of 17 additional papers that were considered relevant to this
research, and ultimately resulting in the ﬁnal list of 60 papers that
form the basis of this review paper.
2.2. The taxonomy of this literature review
Based on the literature review taxonomy provided by (Cooper,
1988), the focus of our study is on the research outcomes with
the goal to integrate available literature and discuss central issues
related to upgradability. To this end, we take a neutral perspective
and follow a conceptual organization. We use an exhaustive and
selective search strategy, and our target audiences are general
scholars, policy makers and practitioners.
3. Analysis of the literature
This section provides an overview of the literature (section 3.1)
that is selected by following the systematic approach described in
section 2. Furthermore, this section also presents the outcome of
thematic analysis method (section 3.2), which was used to classify
the relevant literature based on overarching themes.
3.1. General ﬁndings
Our initial search of the database generated a total of 3805
publications. After applying all the inclusion and exclusion criteria
presented in the methodology section, 60 papers were found to be
relevant for answering our initial research questions.
Fig. 2 shows the distribution of all 60 selected publications over
the last two decades. The trend line indicates that the overall rate of
research related to upgradability is increasing. Also, a signiﬁcant
increase in the number of papers can be observed during the recent
years (except in 2015), indicating a fast-growing interest in the
topic. 58% of the relevant papers were published between 2012 and
2017, which shows the timeliness, relevancy, and importance of
upgradability related research.

Table 4
Initial search results and ﬁltered documents for different search terms (Nov 2017).
Search term (together with upgrad*)

Total publications

Filtered publications

product
design
lifecycle or "life cycle"
modular*
sustainabl*
reuse or re-use
total (w/o duplicates)

1279
2505
352
168
379
238
3805

36
26
14
12
8
6
43

Note: Based on the 43 ﬁltered documents, additional 17 publications were included via backward and forward search of references and
other publications of identiﬁed leading authors in the ﬁeld.
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Fig. 2. Distribution of selected publications.

These 60 papers are published by a total of 106 individual authors. A list of authors who publish more frequently on the upgradability topic may help prospective researches to easily keep
track of future publications from those authors by following them
on websites such as Google Scholar or ResearchGate. Hence, Table 5
presents the authors who have published at least three papers. The
table also provides the number of publication and citation for each
author. It is interesting to note that the researchers from Japan
seems to play a signiﬁcant role here since six (rank 1, 2, 3, 9, 12 and
13) of the 13 authors are from Japan. One important reason behind
this trend could be Japan's major program on eco-design driven by
the Ministry of International Trade and Industry (MITI) (Charter
and Tischner, 2017). Additionally, to show the existence of collaborative work, Fig. 3 presents the co-authorship network of authors
who published at least three papers together.
3.2. Thematic analysis of literature related to upgradability

Fig. 3. Schematic of co-authorship network.

We performed a thematic analysis to thoroughly analyze the
selected papers regarding the topics covered. A similar approach
was employed in a recent highly cited review article (Baines et al.,
2009) in a closely related ﬁeld e servitization. After thoroughly
reading all selected papers, we started to look for underlying
themes based on the initial research questions. The detailed procedure is described below.
We read the abstracts of all selected papers (in some cases
multiple times) and categorized them based on the focus of the
Table 5
Authors who have participated in at least three papers.
Rank

Author

No. of papers

Citations

1
2
3
4
5
6
7
8
9
10
11
12
13

Umeda, Yasushi
Shimomura, Yoshiki
Kondoh, Shinsuke
Pialot, Olivier
Millet, Dominique
Ülkü, Sezer
Tomiyama, Tetsuo
Xing, Ke
Inoue, Masato
Abhary, Kazem
Bracke, Stefan
Yamada, Shuho
Yamada, Tetsuo

10
9
8
7
7
5
4
4
4
3
3
3
3

70
70
55
30
30
50
79
29
16
24
8
8
8

paper. For example, some papers focused on the design and some
papers focused on consumer value. In this step, we did not allow a
paper to be categorized in more than one category. Then, all papers
of each category were thoroughly read, and notes taken of important points relative to the posed research questions (section 1.3).
From these notes, it was possible to identify recurring themes. For
example, the papers from the ‘design’ category frequently discussed themes such as ‘design methodology’, ‘upgrade planning’
and ‘design evaluation’. Furthermore, we have noticed that papers
from one category, to some extent, also discussed themes from
another category. For example, the papers from the ‘design’ category often also discussed themes such as ‘general concept and
deﬁnition’ or ‘consumer value’. Hence, in Appendix A, we illustrated the depth of discussion of each theme through visual coding
(CCC indicates “focused on”, CC indicates “detailed discussion
of” and C indicates “refers to”). We decided to include a theme
only if it was discussed in length by at least three or more papers.
Table 6 lists the ten themes that are ﬁnally selected to be included
in this review after reading all 60 publications. The analysis of the
ten identiﬁed themes formed the basis of our critical discussion and
thus our answers of the posed research questions. After several
iterations we identiﬁed six consolidated themes that are discussed
in the next section.
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Table 6
Selected themes and analysis of their coverage by authors.
# Upgradability Literature - Number of papers that focused Number of papers that
Key Themes
on the theme
discussed the theme

1

General concept and
deﬁnition
2 Issues of upgradability
3 Consumer value
4 Remanufacturing with
upgrades
5 Modular upgradability
6 Design methodology
7 Upgrade planning
8 Evaluation of
upgradability
9 Upgradability in the
context of PSS
10 Case studies

Number of papers refers
to the theme

Total number of papers
covering the theme

Percentage of all
papers
%

CCC

CC

C

3

21

19

43

72%

0
4
7

3
1
3

9
16
8

12
21
18

20%
35%
30%

4
14
5
4

9
12
10
10

5
3
7
8

18
29
22
22

30%
48%
37%
37%

5

3

3

11

18%

0

25

2

27

45%

Notes: Coding of key themes: CCC ¼ “focus on”; CC ¼ “detailed discussion of”; C ¼ “refers to”.

4. Results and discussions
In this section, the literature available on product upgradability
is summarized based on the results of thematic analysis, while
addressing the initially posed research questions.
4.1. Deﬁning upgradability and other related terms
First, we discuss the results of the literature review related to
RQ1. We start with the deﬁnition of important terms relating to
upgradability. From the literature survey, we have found that the
following terms are closely related to upgradability and needs to be
deﬁned: product upgrade, product upgradability, design for upgradability and upgradable product.
Product Upgrade is deﬁned as the process that involves
improvement of functionality (Pialot and Millet, 2014) and capability of a product in order to extend its useful life (Shimomura
et al., 1999). It is considered as a proactive approach (Tchertchian
et al., 2010) where product architectures, functionalities, and upgrade plans are iteratively addressed in response to change in
technology or functional requirements (Chierici and Copani, 2016).
Zolghadri and Coufﬁn (2018) have introduced the similar concept
with a different term: ‘upgrade-to-performance’; and identiﬁed
affordability and service duration as the main drivers that lead to
upgrading of some artifacts. Depending on speciﬁc characteristics,
these upgrades can be installed with the help of distributor/retailer,
technician, user or by the manufacturer through remanufacturing
process (Pialot and Millet, 2016). A collaborative approach called
‘make-to-upgrade’ has also been introduced that consist of
modularity structure, cloud computing and production strategy
(Mehrsai et al., 2013a).
The earliest deﬁnition of upgradability in our selected literature
was given by Garud and Kumaraswamy in 1995. They simply
deﬁned upgradability as “the ease with which system performance
can be enhanced over time” (Garud and Kumaraswamy, 1995).
Based on our current literature review, we believe this original
deﬁnition does not cover all relevant aspects of upgradability. We
propose Product Upgradability to be deﬁned as:
The level of potential and ﬁtness of a product, in its functional,
physical, and architectural features (Xing and Abhary, 2010), to
be effectively (ensuring consumer value) and efﬁciently
(ensuring positive cost-beneﬁt performance) modernized by
incorporating functional and performance improvements (Xing
et al., 2007) during the usage and/or remanufacturing stage

(Shimomura et al., 1999). Upgradability makes a product more
adaptable to changing needs, fashions, and norms (Pialot et al.,
2017) and hence contributes towards a product's enhanced
useful lifetime.
Upgradability is integrated into product by means of Design for
Upgradability (DfU), which is a tool to facilitate the enhancement
of a product's functional as well as physical ﬁtness for ease of upgrade (Xing and Belusko, 2008).
Meanwhile, the term Upgradable Product refers to the product
that is robust against future uncertainties regarding technological
innovation and market movements (Chierici and Copani, 2016), and
can be upgraded in order to extend product's life span (Umemori
et al., 2001). Some possible advantages of an upgradable product
design listed by Lindemann et al. (2002) are resource efﬁciency,
new business ﬁeld for producer, faster dissemination of innovation,
and lower overall lifecycle cost for consumer. In 2017, Pialot et al.
(2017) ﬁrst introduced the term “upgradable PSS”, which they
characterized by a new mode of consumption and production
based on a hybrid servitization system that involves the combination of upgradability, optimized maintenance, and valorization of
end-of-life parts.
4.2. Key issues of upgradability
From Table 6 and Appendix A, we can observe that only selected
papers have explicitly listed key issues related to upgradability. Our
literature review identiﬁed the following key issues.
4.2.1. Understanding consumers' perception
Understanding consumer perception is an important building
block for the implementation of a sustainable production and
consumption paradigm that revolves around product upgradability.
However, little is known about consumers' perception and preferences for upgradable products. Upgradable products still need to
demonstrate their competitive advantages over conventional
products. Answers of the following questions can help us to better
understand consumers' perception towards upgradable products
(Pialot et al., 2017; Michaud et al., 2017; Lobasenko and Llerena,
2017): Are consumers willing to buy upgradable products? What
are the key inﬂuencing factors of consumers' choices of upgradable
products? What type of producer consumer relationship is appropriate? What form of contract (PSS type, ownership scheme etc.)
between producer and consumer will attract different consumer

M.A. Khan et al. / Journal of Cleaner Production 204 (2018) 1154e1168

segments (B2B vs B2C)? How will the conditions of upgradability
(price, environment, intangibility etc.) be perceived? How the upgrades will actually be installed? How do consumers know when
and what upgrade options are available? Some of these questions
are further discussed in section 4.3 in accordance with the references from available literature.
4.2.2. Upgrade planning
Before initiating the design process, upgrade planning must be
conducted in advance as the ﬁrst step in the implementation of DfU.
The resulting plan contains information needed during upgradable
design, such as when and to what extent the upgrades should be
made available to the consumer (Matsuda et al., 2003; Watanabe
et al., 2007). It aims to ensure that the upgradable products are
functionally capable, for a speciﬁed period of time, to satisfy consumer's evolving requirements (Aziz et al., 2016b). The plan should
also contain a chronological list of candidate components to replace
those of the earlier generation product with each upgrade cycles
(Ishigami et al., 2003; Fukushige et al., 2012). Decisions regarding
upgrade planning involve trade-offs between product performance,
operation and new component costs (Chung et al., 2010, 2017). To
be realistic, the upgrade plan should be ﬂexible enough to
accommodate uncertainties due to complexity in predicting technological trends (Chung et al., 2010; Aziz et al., 2016a; Matsuda
et al., 2003; Shimomura et al., 2006; Watanabe et al., 2007), market dynamics (Aziz et al., 2016a) and consumer demands (Aziz
et al., 2016a; Shimomura et al., 2006).
4.2.3. Upgradable product design
After developing an appropriate upgrade plan, upgradable
product design process is initiated. This process facilitates the
designer in implementing DfU according to the upgrade plan (Aziz
et al., 2016a). Goal of upgrade design is to maximize the ability of a
product to adapt its functions according to changing consumer
needs while maintaining minimal structural changes after the
product is manufactured (Umeda et al., 2005b). Chierici and Copani
(2016) mentioned modularity, standardization, compatibility and
interoperability as key upgrade-enabling design features that are
needed to design a robust upgradable product. The next step is to
select the best upgradable product design based on different
modeling and optimization tools. Advances in upgrade planning
and design are further discussed in section 4.4.
4.2.4. Business models for upgradable products
Due to novelty, complexity and associated risks, upgradability
feature changes the structure of the value proposition of a standard
product (Pialot et al., 2017). Consequently, manufacturers need to
rethink consumer relationships, key partners, channels, and revenue streams so that they are aligned with the new structure of
value proposition. Additionally, compared to traditional supply
chains, upgradability-oriented business models may require the
key partners to exchange information and materials more intensively in the form of collaborative networks Chierici and Copani
(2016). Further research is needed to answer the questions
related to business model such as (Pialot et al., 2017; Chierici and
Copani, 2016): What type of value proposition? What type of
consumer relationship? What form of contract? What type of logistic infrastructures? Some of these questions are further discussed in section 4.5 and 4.6 from the context of PSS and
remanufacture with upgrade.
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section presents the knowledge available on consumer perception
and perspective toward upgradable products.
In terms of attractiveness, addition or improvement of functionalities via midlife upgrade or remanufacture with upgrade may
better satisfy consumers and may create additional value when
compared to other life extension strategies such as remanufacture
(without upgrade) or reuse (Xing, 2006). Consumer's incentives for
remanufactured (without upgrade) and reused products mainly
focus on a reduced price, while incentives for upgradable product
focus on the capability to be updated with the latest technology
(Shimomura et al., 2006), the addition of new features and services
(Pialot and Millet, 2016), as well as the overall lower life cycle cost
(Lindemann et al., 2002).
Recent studies by Ülkü et al. (2012), Michaud et al. (2017) and
Lobasenko and Llerena, (2017) have explored consumers' valuation
of upgradable products and these studies indicate that upgradability features have the potential to create additional value for
consumers. All of these studies have used a ‘willingness to pay
premiums’ method to measure the additional created value. Even
though these studies are limited to speciﬁc products and respective
methodologies, the results show that consumers may be willing to
pay a fee to have the possibility to add new features and to improve
performance (especially energy efﬁciency) of the products via upgrades. Despite these favorable results, the volume of premiums
depends on certain factors and may be relatively low. The price of
the upgradable product and the fee paid during upgrades are key
factors for consumers when facing the decision to choose between
a conventional and an upgradable product. According to Lobasenko
and Llerena (2017), high price differentiation of upgradability may
not be a good initial strategy for the providers of upgradable
products. Premium also decreases when the time interval is longer
between the initial purchase and the upgrade (Ülkü et al., 2012).
Similarly, for some durable products, Lobasenko and Llerena (2017)
found that the premiums are rather weak. On the other hand, both
Ülkü et al. (2012) and Michaud et al. (2017) shows that the upgradability feature seems to be more proﬁtable for products whose
technology is improving slowly rather than rapidly improving
products. Additionally, consumers are willing to pay higher premiums when the perceived efforts or the perceived convenience of
upgrades by the end users are lower (because users may be
reluctant to handle upgrades by themselves) and the perceived
quality is better (Ülkü et al., 2012). So, how upgrades are installed is
a crucial factor for consumers. Depending on the difﬁculty level and
required skills, for the same product, some consumers may prefer
to install the upgrades themselves, while others may prefer the
upgrades to be installed by certiﬁed technicians who can ensure
best result at a minimum effort from the consumer.
Attractiveness of the upgrades varies depending on the type of
products. In literature, the authors have used different upgradable
products such as cameras, air-conditioners, vacuum cleaners, laptops and washing machines. This shows the potential relevance of
upgradability features for household products (B2C) in addition to
already established relevance for industrial products (B2B). It was
found that consumers, in B2C context prefer aesthetically new and
fashionable products that they can own and control (Intlekofer
et al., 2010). These preferences can be fulﬁlled by utilizing the
combination of upgradability feature and PSS business models
where the perception of consumers of ‘not being in control’ is
limited (Chierici and Copani, 2016).
4.4. Advances in DfU

4.3. Consumers' perception towards upgradable products
As for any new product, understanding consumer preferences is
a key element of upgradable product development process. This

Incorporation of upgradability features in product conceptualization, design and development is a relatively new technique.
Analysis of the current literature available on DfU (Aziz et al., 2016a;

1162

M.A. Khan et al. / Journal of Cleaner Production 204 (2018) 1154e1168

Umeda et al., 2005b; Matsuda et al., 2003; Inoue et al., 2014a),
revealed that the design of upgradable product consists of three
general steps: i) evaluation of product's compatibility to be
designed as an upgradable product, ii) upgrade planning and iii)
ﬁnding an upgradable design solution via different modeling and
optimization techniques that can ﬂexibly adapt to the upgrade plan.
Due to certain physical, functional and architectural requirements, the implementation of DfU is not possible for all kind
of products (Aziz et al., 2016b). Hence, it is important to pre-assess a
product to evaluate its suitability and compatibility to be designed
as an upgradable system. Aziz et al. (2016b) proposed a method to
make pre-assessment in order to evaluate the upgradability of
components. Using the developed method, in a case study, the
authors have measured the upgrade potential of a brake caliper. A
mathematical model (Xing et al., 2007), (Xing et al., 2006) named
PURE (product upgradability and reusability evaluator) has been
proposed to provide a holistic measure at the design stage for
modeling and assessing product upgradability in the context of
remanufacture. The evaluation method used the Quality Function
Deployment (QFD) tool to present the requirements of a product at
three levels namely engineering metric, component and structure.
The authors employed a case study of solar-air heating system to
validate their model. Another mathematical approach based on a
genetic algorithm (Xing and Abhary, 2010) has been used to model
and evaluate a product's ﬁtness for upgrade.
The next step is to prepare an upgrade plan before initiating the
design process. The upgrade plan contains information regarding
when and what type of upgrades should be made available to the
consumer. In case the upgrade planning is not conducted properly,
the manufacturers might incur losses due to the uncertainty in
future technological trends, market dynamics and consumer demands. Several studies (Matsuda et al., 2003; Shimomura et al.,
2006; Watanabe et al., 2007) have developed upgrade plans
considering technological trends and consumer demands.
Watanabe et al. (2007) comprehensively described six stages of
upgrade planning which include i) developing a structure model, ii)
building a component database, iii) developing a valuation
parameter roadmap, iv) setting user-demand patterns, v) searching
for design solutions, and vi) evaluating the upgrade plan. Quantitative methods based on dynamic programming have also been
proposed to help upgrade planners and end users to explore
optimal upgrade plan considering future technological development, sustainability, and EOL options (Chung et al., 2010, 2017).
According to authors' claim, this method will help to minimize total
lifecycle cost while improving sustainability. For second-hand
systems, Khatab et al. (2017), developed a mathematical model
that can jointly determine the optimal acquisition age, upgrade
level, and a preventive maintenance strategy in order to improve
reliability of that second-hand system by means of upgrade
operations.
After devising an appropriate upgrade plan, the next step is to
initiate the upgradable product design process, which facilitates
product designers in implementing DfU according to the upgrade
plan. In the literature, the method of DfU has been initially proposed by some authors (Shimomura et al., 1999; Ishigami et al.,
2003; Umeda et al., 2000; Barber et al., 2000) where they ﬁrst
considered only improvement in terms of product's performance
and later involved the feature of adding new functionality in the
next generation of product through upgrades. Long-term planning
in the design methodology for upgradability may cause uncertainties in upgrade performance and time. In order to make the
upgraded products robust and tolerant against uncertainty, several
studies (Inoue et al., 2014a; Umemori et al., 2001; Murakami et al.,
2012; Inoue et al., 2016; Inoue et al., 2014b) have applied preference set-based design method to obtain a ranged set of design

solutions that satisﬁes multiple criteria such as, product performance, lifetime, cost, and environmental load. Similarly Umeda
et al. (2005b), have used another technique called functionebehaviorestate modeling to deal with uncertainty.
Fukushige et al. (2012) proposed a computer-aided design method
that can adapt to a predetermined upgrade plan for reconstructing
geometric product models. Fuzzy logic modeling of product's upgradability and genetic algorithm for optimizing upgradability
characteristics (Xing and Belusko, 2008) have also been proposed
to ensure maximal level of upgradability with minimal associated
costs and violations of engineering, economic, and environmental
constraints. Pialot et al. (2012) developed an upgrade cycle simulation tool for remanufacturing systems to assess attractiveness
and associated risk. This tool helps to develop rigorous company
strategy for remanufacturers in both economic and environmental
dimensions. Komoto and Tomiyama (2008) proposed the integrated service CAD and life cycle simulator tools that support
upgrading service design activities for computer-embedded
products, such as manufacturing systems, medical diagnosis
equipment, and industrial machines.
4.5. Upgradability in the context of PSS
In quest for the longer lifetime of a product, the focus should be
on the continuous utility or useful service provided by the product
rather than the product itself. This observation agrees with the
concept of PSS. The ﬁrst formal deﬁnition of a PSS was given by
Goedkoop et al. (1999): “A product service-system [PSS] is a system
of products, services, networks of “players” and supporting infrastructure that continuously strives to be competitive, satisfy consumer needs and have a lower environmental impact than
traditional business models”. PSS emerged as one of the important
enablers toward a more sustainable and resource-efﬁcient future.
PSS also allow businesses to foster competitiveness by fulﬁlling
consumer's need in an integrated and customized way, while
building unique relationships that ensure customer loyalty (Tukker,
2004). On the other hand, PSS can also stimulate social equity by
making product-services more accessible and affordable to wider
consumer base.
The ability to upgrade a system during its future use phase by
incorporating services and technologies that might not yet available, will provide additional value for the PSS stakeholders
throughout the extended lifecycle (Linton and Jayaraman, 2005).
Upgrades can be introduced by several means that may lead to
successive functional improvements. For example, upgrading the
product by adding or exchanging modules, upgrading the service
by adding new service element in the primary offering, or
upgrading both product and associated services simultaneously.
Functional improvements achieved through upgraded products
will require physical changes of the PSS. However, functional improvements achieved through upgraded services may not require
any physical change of the PSS.
PSS is difﬁcult to generalize because it is not easy to introduce
new services that will add additional value to the existing system.
But the integration of multiple cycle upgrades, i.e. the “upgradability services” could be an opportunity for PSS providers to switch
to offers with more services and thus facilitating the dissemination
of PSS (Pialot and Millet, 2014). Moreover, the type of “service
upgrades” (Pialot et al., 2017; Pialot and Millet, 2016) that can be
offered based on software and exploitation of transmitted data
from various sensors in the PSS may result in a whole range of
potential new functionalities and a bundle of services. For example,
Tesla came up with an improved method of acceleration (allowing
the acceleration time to reduce from 3.8 s to 3.2 s while reaching
100 km/h) called ‘ludicrous mode’ that can be enabled by a simple
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over-the-air software upgrade for their Model S and Model X cars
(Vynakov et al., 2016). These services will require very little technological/material changes to generate value and could be easily
repeated by means of ﬁrmware upgrades. This in turn will allow PSS
providers to discover new and repeatable ways of earning revenue
via new modes of contracts.
In case of use- and result-oriented PSS, the manufacturers can
retain product ownership and thus have the incentive to pay more
attention to the use phase. This in turn leads to the implementation
of practices such as design for durability, upgradability, reuse and
remanufacturing (Bocken et al., 2016b). Moreover, this conﬁguration turns the manufacturers into product ﬂeet managers (Pialot
et al., 2017), (Kammerl et al., 2016), providing them ﬁrst hand access to large amount of usage data throughout the operational life
of a product (MOL) (Weinberger et al., 2016). Exploitation of this
data may help product engineering teams in adapting design,
operation, and disposal strategies along the lifecycle. This data
driven intelligence may also help to determine the opportunity and
right time for an upgrade and will make it easier for the manufacturers to come up with new midlife upgrades related to operational efﬁciency. Furthermore, PSS business models can lead to a
decoupling of the business success of companies from the number
of products sold (Waddilove and Charnley, 2015). This addresses
the observation that extending the product lifetime using upgradability technique may diminish the manufacturer's business opportunities. Non-ownership schemes, such as leasing, may also
make the products to be used more intensively resulting in faster
products turnover, which could lead to faster innovation in terms of
energy and materials consumption (Chierici and Copani, 2016;
Intlekofer et al., 2010). Under this conﬁguration, it also becomes
easier and more feasible for the manufacturers to systematically
retrieve the products at the end of their life and apply optimal EOL
strategy (Khan et al., 2019). Additionally, switching to offers
without ownership transfer is an opportunity that helps migrate to
functionality economy (Tukker, 2015) and thus facilitates the
implementation of circular economy (Pialot et al., 2017). However,
for such PSS providers, there are signiﬁcant challenges to be faced.
Retained ownership scheme will require strong ﬁnancial and service logistics support, which indicates a need for close collaboration
with ﬁnancial and service logistics partners.
An upgradable system needs to be regulated by continuous
interaction between the involved stakeholders, mainly the consumer and the manufacturer (Pialot and Millet, 2016). This interaction can be facilitated by a PSS business model where consumer
service relationship and enduring brand relationship (Motta et al.,
2015) are considered a priority in addition to design for improved
durability and serviceability (Waddilove and Charnley, 2015). This
relationship creates continuous opportunities to revisit and interact
with the consumer and offer them additional value adding services
in the form of upgrades. Overall, PSS business models have the
capability to provide the required interaction needed between the
end user and the producer of upgradable systems. On the contrary,
lack of such systematic business models for integrated products
and services may result in the loss of revenue generation from
created consumer value. For example, in October 2017 Tesla offered
the ‘ludicrous mode’ upgrade for free (Lambert, 2017) to the consumers even though this performance upgrade was able to create
additional consumer value. Here, the lack of an appropriate business model could be one of the main reasons behind Tesla's lost
revenue. Furthermore, improved consumer relationship (Beuren
et al., 2013), retained product ownership (Baines et al., 2007) and
development in smart sensor technology (Sundin et al., 2009)
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enable PSS providers to have better access to usage period data.
This data can help PSS providers to improve PSS design (Sundin
et al., 2009) and quickly identify new consumer requirements
(Kammerl et al., 2016). Additionally, since PSS providers can identify their consumer needs better, they can probably innovate faster
(Tukker, 2004) compared to traditional product manufacturers.
Consequently, PSS providers can continuously come up with
various offerings for the existing consumers in the form of performance and functional upgrades.

4.6. Remanufacturing of upgradable PSS
Remanufacturing describes industrial processes that transform
products that reached their EOL to a like-new functional state or at
least to current speciﬁcations while recuperating value from those
products in mass production levels. This is done by reprocessing,
rebuilding, or replacing components parts, without deforming
them to their material or chemical form (Ayres et al., 1997; Ijomah,
2002). During this process, the retired products pass through a
series of operations such as disassembly of the product into cores,
cleaning of all parts, inspection and sorting of cores, reconditioning
or repair of cores, and product reassembly (Kerr and Ryan, 2001) in
order to ensure that they reach to the desired state. Compared to
other EOL treatments such as landﬁll, incineration, recovery or
recycling, the remanufacturing strategy has been considered as
most viable (Fadeyi et al., 2017) in the literature due to its potential
to curb environmental impacts (by reducing the use of virgin materials and energy), promote reutilization (by preserving the previously added value), and prolong the service life (by bringing the
EOL products to a like-new functional state).
By deﬁnition, remanufactured products are capable of providing
the same functionality and quality as new products. However,
current trends of fast developing technology cycles, presence of
product variety due to customization, changes in fashion trends
and marketing may limit the effectiveness and expected beneﬁts of
remanufactured products. This is due to the rapid improvements in
product design and changes in consumer requirements that often
lead to higher consumer expectation in terms of product's functionality and quality. Thus, it becomes difﬁcult for a remanufactured product, which has been rebuilt just as it was, to attract
consumers in the market environment (Xing et al., 2006, 2007). In
order to increase the attractiveness of traditionally remanufactured
products, the concept of upgrade in remanufacturing appears to be
a promising solution (Chierici and Copani, 2016). Upgrades will
allow incorporation of technological innovation into remanufactured products to satisfy evolving consumers' preferences and thus
effectively prolonging product's service life and improving environmental performance.
Another issue that complicates the operation of the remanufacturing process is the reverse supply chain, which is required to
retrieve EOL products from the end users. This is because, in a
traditional setting, the remanufacturers lack information regarding
the condition, quantity and timing of the returns, which is essential
for an efﬁcient remanufacturing process (Van Nunen and Zuidwijk,
2004; Guide, 2000). However, products sold as a part of an upgradable PSS business model may have the potential to manage and
overcome these information asymmetries. The reason for this opportunity is that it will allow remanufacturers to have access and
better control of the products (and their state) as well as usage data
throughout the use phase. This will help remanufacturers to plan
their operations more efﬁciently through stable sourcing, while
minimizing the risk associated with the uncertain economic value
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of returned products (Chierici and Copani, 2016; Sundin et al.,
2008).
Another major challenge for remanufactured products is to
target high-value consumers, who are primarily interested in stateof-the art products, in addition to pursuing only less demanding
consumer such as the ones in the second-hand markets, who
prefers convenient prices over new and improved functionalities
(Kissling et al., 2012). Again, a possible solution could be the
incorporation of upgrades during remanufacturing process, which
will help to introduce technological innovation to the remanufactured products, elevating it above the “original”, and thus attracting
high-value consumer segments (Chierici and Copani, 2016).
Upgradable PSS can be considered as an opportunity that may
facilitate the dissemination of the remanufacturing strategy. And, it
is important that the upgrading of features can be incorporated
with remanufacture to ensure effective extension of product's
service life.
5. Conclusions and suggestions
This systematic review provides a comprehensive overview of
product upgradability. We explore the potential of product's upgradability as an effective product lifetime extension strategy, with
an emphasis on PSS. In doing so, this study discussed and answered
three overarching research questions related to the concept and
deﬁnition of upgradability (RQ1), common issues (RQ2), consumer
perspective, design process, and remanufacturing and PSS
perspective of upgradability (RQ3).
The ability to satisfy evolving consumers' preferences by integrating functional and performance enrichments in a product is the
core of the principle of upgradability (RQ1). It presents an opportunity that helps to extend product life by delaying unnecessary
(early) replacement. This can be achieved while enhancing
customer retention and improving business opportunities for the
manufacturers at the same time. Instead of scrapping a product that
is still functioning, upgradability aims to replace only those components that devalue the product over time; and hence could be a
good means for solving environmental problems. The technique
has the potential to reduce resource consumption and waste,
thereby contributing towards the goal of a more sustainable society.
With the increase in raw material costs, the incentive for switching
towards upgradable systems will also increase. Additionally, upgradability facilitates the implementation of the circular economy,
the dissemination of PSS, as well as remanufacturing approaches.
However, despite the above-mentioned beneﬁts, upgradable
products appear to be rare in the consumer market. As a result,
majority of the literature on product upgradability provided industrial case studies. Also, the concept of upgradable PSS has been
treated mainly in a theoretical fashion with rare evidence of any
practical implementations and evaluations.
Several upgradable product design methods are proposed in the
literature, but there is still no commonly accepted design framework available today. The validity of the available frameworks is
still in question, because there are not many examples of upgradable systems that are developed and marketed using these methodologies. In most cases, newly developed design approaches are
applied in only one case study, which also considerably hampers
the validity of the proposed procedures.
There are several issues that are reported in the context of upgradability (RQ2). To gain broad acceptance in the market, upgradable systems need to maintain (i) value in the product while (ii)
ensuring attractiveness and (iii) economic feasibility for consumers
and (iv) proﬁt for manufacturers. These issues can be addressed by

developing upgradable products as PSS and then delivering them
through a business model that is designed speciﬁcally for upgradable PSS.
The extension of lifetime via upgrade shifts the manufacturer's
focus from resource throughput to asset management, which also
indicates a need for change in the existing business model (RQ3).
The new business models require manufacturers to consider
improving consumer relationships, offering contracts without
ownership transfer, and involving several stakeholders in providing
upgradability services. The design, test and implementation of such
PSS and its associated business models can however be a challenge
in itself. The successful implementation of upgradability will rely
on the effectiveness of a DfU method, during the BOL stage, in
determining and addressing important attributes that may
contribute to the ease-of-upgrade features of a PSS. The upgrades
that are intended for the usage phase should be designed in a way
that it is easy enough for the consumers to install/implement it
themselves.
The synergy between remanufacturing, PSS and upgradability
will most likely depend on the decisions taken during the product
development stage. Signiﬁcant challenge for future researchers is to
develop a PSS design methodology and sustainable business
models that are speciﬁc to upgradable PSS. Awareness of both
consumers and providers is crucial for the adoption of upgradable
products. Even though some papers measured the attractiveness of
upgradable products from the perspective of consumers, no
empirical research measured the value of providers. More empirical
research is needed to measure and enhance provider value.
Another important challenge for future researchers is to develop a
comprehensive organizational strategy to assist the transition of
traditional manufactures in becoming the providers of upgradable
products and associated services. Moreover, for successful extension of a system's lifetime, DfU will also rely on the progress of
other initiatives such as, design for durability, design for psychological attachment, design for disassembly, and design for
serviceability. Future research should also explore adaptability
literature in order to identify possible synergy between adaptability and upgradability.
There are a few limitations of this review paper that need to be
considered. First, the thematic analysis method used in this study
may be vulnerable to both unintentional and intentional bias in the
selection, interpretation and representation of article contents. The
authors tried to address this by having two independent researchers cluster papers. Furthermore, many of the selected articles
are published by a small number of ﬁrst authors, which may indicate a theoretical bias. Although we have taken a transparent and
comprehensive article search method, the search was carried out
only in the WoS database, which may not include all relevant
publications that cover the topic.
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certain PSS features, such as upgradability, can provide further
opportunity to increase manufacturer’s revenue streams while
satisfying consumers’ evolving preferences and thus be
perceived as value-adding.
The systematic design of an upgradable PSS can however be
a challenge in itself. Success of such a design relies on upgradeenabling design features, such as customizability and flexibility
of the system, continuous validation of requirements and
opportunities, and integrated development of products and
services. Even though several PSS design methodologies have
been introduced in recent years, none of them focuses
specifically on the upgradability aspect of PSS. To contribute
to the progress of the state of the art and to move from concept
to industrial application, this paper provides a literature review
on existing PSS design methodologies with a specific focus on
their adoption towards an upgradable PSS design framework.
Based on the critical review of available PSS design literature
in terms of the key upgrade-enabling design features, this study
also proposes an initial conceptual design framework that
emphasizes upgradability for PSS.
The study is structured as follows: Section 2 reviews the
literature on PSS and current PSS design methodologies in
order to identify knowledge gaps that are yet to be filled for
establishing a comprehensive upgradable PSS design
framework in the near future. In section 3, a conceptual
framework is formulated based on the gaps identified in the
section 2. Section 4 discusses the perceived limitations and
potential improvements of the presented initial framework. The
paper ends at section 5 with a brief conclusion and perspectives
for the future work.
2. Literature review
A brief review of PSS (including its classification) and
upgradability is given is section 2.1 and 2.2 respectively. Then,
section 2.3 identifies the key upgrade-enabling design features
that are important for an upgradable PSS design framework.
Section 2.4 evaluates the available PSS design frameworks in
terms of the features identified in section 2.3.
2.1. Product Service Systems
PSS can be understood as a special case of servitization - a
concept introduced by Vandermerwe and Rada in 1988 [6],
long before PSS were introduced. Servitization describes the
phenomenon of manufacturing firms developing value
proposition by incorporating additional services in order to
attain a competitive edge in the market [7]. Servitization and
PSS, both describe the same concept (i.e., ‘a marketable set of
products and services’) but PSS usually involves the
sustainability context in addition to the somewhat ‘economic
only’ context of servitization. In 1999, Goedkoop et al. [8]
introduced the term PSS and defined it as “system of products,
services, networks of players and supporting infra-structure that
continuously strives to be competitive, satisfy customer needs
and have a lower environmental impact than traditional
business models”. Since the introduction, the interest regarding
servitization and PSS research has increased significantly [9].
A solution composed of physical products and related services
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may be harder to replicate for a competitor, compared to solely
product and process-based manufacturing [10]. Additionally,
integrated services mean more satisfactory experience for
customers and generally increased revenue for the
manufacturers [11].
2.2. Upgradable PSS
Confronted with shorter innovation and product
development cycles, consumers often dispose conventional
products before the end of their useful life due to functional
obsolescence [12, 13]. Upgradable PSS represents a well-suited
approach for addressing this issue.
Assumption of the ‘upgradable PSS’ concept is that the
periodical upgradation will enable better implementation of
technological innovations and performance improvements into
the products and services. This in turn will improve the PSS’
capacity to satisfy evolving customers’ preferences (while
ensuring customer retention and loyalty) and to improve
environmental and economic sustainability over time [14]. This
is enabled by design for upgradability features that are
incorporated during the Beginning of Life (BOL) phase. The
ability to upgrade a system during its future use phase by
incorporating services and technologies that might not yet
available, will provide additional value for the PSS
stakeholders throughout the extended life cycle [15]. PSS
upgrades can be introduced by several means that may lead to
successive performance and functional improvements. For
example, upgrading the product by adding or exchanging
modules, upgrading the service by adding new service element
in the primary offering, or upgrading both product and
associated services simultaneously.
Upgradable PSS are also considered a means for the
transition towards a circular economy [16]. PSS configuration
allows optimized End of Life treatments of the replaced
modules via more frequent and controlled use of
remanufacturing and recycling channels [17, 18].
2.3. Key upgrade-enabling design features
Based on the knowledge of upgradability [19] and synthesis
of the reviewed literature on PSS design, the authors identified
the following upgrade-enabling design features that are useful
to design a robust upgradable PSS:
Customization: The primary objective of an upgradable PSS
design is to keep the system as valuable as possible to its
user throughout the usage period. However, the inherent
value of a solution is individual to its recipient [20], which
indicates a need for customer specific customization [21] of
upgradable PSS during its provision. Consequently, later at
the usage period, this will enable the PSS providers to offer
more ‘individualized upgrades’. This in turn will increase
the attractiveness of available upgrade options from the
perspective of the upgradable PSS customers.
Flexibility in design: The design of upgradable PSS should
be flexible enough to allow rearrangement of products and
services during the use phase in accordance with changing
customer requirements, while maintaining minimal
structural changes [13, 22]. Such flexibility is also required
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for the customization of the PSS during its provision.
Modularization of physical products and services is an
effective way to integrate flexibility into the design [23].
Continuous validation of PSS requirements: In order to
come up with an attractive set of upgrade options at any
point of time during the use phase, the PSS providers should
be able to continuously validate the customer requirements
and identify upgrade opportunities throughout the PSS life
cycle. This can be achieved by constantly collecting data
about the usage behavior and taking customer feedback into
account.
Integrated development of product and service: In case of
upgradable PSS, it is not practical to design only isolated
service upgrades around a physical product or vice versa.
This is because of the possibility that a service upgrade may
require changes in the physical product due to the mutual
dependencies of the product and service components [24].
For example, in order to come up with an improved
predictive maintenance package (service upgrade), an
additional installation of new sensors (physical product
upgrade) maybe required. In this context, the design of
upgradable PSS should allow integrated development of
products and the associated services.
2.4. PSS design frameworks
In this step, the literature containing a PSS design framework
was identified and carefully analyzed. The search string
("product service system*" + design) was used in the Web of
Science (WoS) database as an initial screening criterion. Within
the search string, the symbol ‘*’ includes any variation of the
associated word, i.e., system and systems. WoS was chosen as
the main academic database because of its comprehensiveness
in the focus area. As a result of the search, 334 articles matched
this criterion as of July 2, 2018. In the next step, the relevant
articles were selected by applying the inclusion/exclusion
criteria. The articles were included if (i) they contained a PSS
design framework, and (ii) the proposed framework partially
addressed at least two of the upgrade-enabling design features
discussed in section 2.3. Applying this inclusion/exclusion
criteria, eight articles were selected and analyzed for the
identification of knowledge gaps towards a framework to
design upgradable PSS.
From the analysis of selected frameworks, it has to be
mentioned that each has their own particularities and specific
focus. However, in a broader sense, they can be grouped into
two distinct discernable trends.
Firstly, there are numerous design frameworks [21, 25-27]
that are developed with the objective to facilitate servitization
of manufacturing firms. This type of methods often utilizes
service engineering tools such as Service CAD or Service
Explorer in order to design services around a physical product.
Cconsequently, these methods often fail to fully integrate the
development of product and service [25-27]. Additionally,
these methods do not consider modularization of PSS
components and therefore they lack customizability and
flexibility in design. The only exception in this category is the
customization-oriented framework proposed by Song and
Sakao [21]; this framework provides a systematic and
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comprehensive method for modular development of services
but ignores the integrated development of both product and
service.
The other category of PSS frameworks analyzed in this
paper is comparatively more relevant within the context of
upgradable PSS design. The reason behind this judgement is
that the frameworks within this category emphasize the
relevance of a modular design of product and service
development in a fully integrated way [28-30]. Aurich et al. [28,
29] introduced a life cycle-oriented model for the development
of technical services based on modularization principle.
Furthermore, they integrate these technical services with
existing product design process for the design realization of a
technical PSS. Wang et al. [30] proposed a parallel module
development framework for PSS design, consisting of three
parts: functional, product, and service modularizations. On the
contrary, the framework proposed by Maussang et al. [31] fails
to address the customizability and flexibility aspects of the
design. However, this framework can help designers to identify
the relationship between characteristics of physical product
engineering and service via functional analysis, and thus
facilitates the integrated development of product and service.
Another very important observation is that none of the
existing frameworks fully considered dynamic feedback of the
customers or continuous validation of PSS requirements
throughout the usage phase. Table 1 gives an idea to what extant
each of the existing PSS design frameworks are able to address
the key upgrade-enabling design features. In the table, “yes”
denotes that the corresponding framework has the key feature,
“No” denotes that the framework does not address the key
feature, and “Partial” denotes that the framework partially
addresses the key feature. From the table it is clear that none of
the existing frameworks are comprehensive enough to address
all four upgrade-enabling design features discussed in section
2.3. Hence, in the next section we propose a conceptual
framework that takes all the key features of upgradable PSS
design into account.
Table 1. Evaluation of PSS design frameworks against four key features.
Ref.
No.
[21]
[28]
[29]
[27]
[30]
[25]
[31]
[26]

Year
2016
2006
2006
2017
2011
2015
2009
2009

Customization
Yes
Partial
Partial
Yes
Partial
No
No
No

Modularization
Yes
Yes
Yes
Yes
Yes
No
No
No

Continuous
requirement
validation
Partial
Partial
Partial
Partial
Partial
Partial
Partial
Partial

Integrated
development
No
Yes
Yes
No
Yes
Partial
Partial
Partial

3. A design framework for upgradable PSS
After identifying the knowledge gaps towards the design of
an upgradable PSS, we developed a conceptual framework,
which is shown in Fig. 1. The overall framework consists of
following four stages:
1. PSS requirement identification: Identification of
requirements is the common starting point for PSS design.
For an upgradable system, requirement identification should
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be a continuous process. In order to continuously validate
the customer requirements and identify upgrade
opportunities throughout the PSS life cycle, this stage of the
framework needs to consider the available life cycle
information of existing PSS and dynamic feedback from
individual customers along with the general requirements of
entire targeted customer segment. Furthermore, continuous
R&D effort is also needed to allow incorporation of
technological innovations into the PSS by means of
functional and performance upgrades.
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processes, operations, or people [21]. Next, different sets of
strongly interdependent components are integrated into PSS
modules that can independently perform specific functions.
In order to facilitate exchangeability of PSS modules, the
PSS components of different modules should have little
interdependencies among them [21]. The final output of this
stage is a library of integrated PSS modules.
3. PSS configuration: The objective of this stage is to
optimally select a set of PSS modules from the library of
integrated PSS modules, depending on the individual
customer requirements (for new customers) or the changed
customer requirements and current PSS configuration (for
existing customers).
4. PSS concept generation: PSS concepts are generated as a
result of PSS configuration. For new customers, PSS
concepts constitute a list of individualized PSS offerings at
different performance levels and functionality. And for
existing customers, PSS concepts constitute a list of
individualized performance or functional upgrade options
depending on the current configuration and changed
customer requirements.
The proposed upgradable PSS framework ends here with the
generation of a list of PSS concepts. In the next step, these
concepts need to be evaluated and refined before their
implementation.
4. Discussion

Fig. 1. Conceptual framework for design of upgradable PSS

2. PSS modularization: This stage starts with the translation of
the requirements identified in previous stage into
corresponding service requirements and technical
characteristics of the physical product. The service
requirements and technical characteristics are then
converted into specific service and physical components.
These components are the basic elements of PSS. For
example, a service component can be identified by a set of

In current literature, PSS have been considered as promising
business models for achieving sustainability by decoupling the
traditional need for sales from economic success. However, a
PSS is not necessarily more sustainable in terms of resource
efficiency or environmental impacts just because it is marketed
through one of the various PSS business models. In the quest of
more sustainable solutions, the focus needs to be on extending
the useful lifespan of the PSS. In pursuit of that goal, the
proposed work addresses the current research gap of missing
frameworks integrating the upgradability in the PSS design. An
upgradable PSS design framework has been proposed that
facilitates integrated modular development of PSS and provides
a systematic design process built around four distinct phases
from the requirement identification to the PSS concept
generation.
The proposed framework takes the dynamic change in
customer requirements over the PSS’ operation into
consideration. The upgradable PSS needs to be regulated by
continuous interactions between the consumer (user) and
provider of the PSS. This interaction can be intensified by
making the PSS smart and connected via IoT sensors or by
simply encouraging consumers to interact with PSS providers.
Technology in this case is an enabling factor that has to be
utilized based on the individual requirements of a PSS. Design
related feedback usually comes from the production and usage
stages. In this study, we limited our focus to the design stage
and did not include later stages such as usage in the developed
framework. Hence, the proposed framework, including Fig. 1,
does not yet include the customer feedback loop that will be
ultimately an essential element of the comprehensive
framework currently under development. Another limitation of
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the current state of the framework may be that the consumers’
detailed process has to be transparent to the PSS provider in
order to apply the framework. However, this kind of sharing of
detailed process information and trust between consumers and
PSS providers are scarce in the industrial sector and presents a
challenge that has yet to be addressed and overcome.
The presented upgradable PSS framework is based on a
modular development approach, that facilitates customizability,
flexibility, frequent design reuse as well as an easier
identification of design flaws, and thus an overall increase in
design efficiency. However, the available literature on
modularization indicates that there can also be negative
economic consequences associated with a modular design, such
as in the case of an over- or under-modularization [32].
Furthermore, due to the need for universal connectivity and
sub-housing, modularity may often result in comparatively
higher material consumption [33]. In this regard, future
academic investigations should provide direction to improve
the efficiency of modular development.
5. Conclusion and future research work
This paper reviewed existing PSS design methods with a
specific focus on their adoption towards an upgradable PSS
design framework. The authors first identified the upgradeenabling design features that are required to design a robust
upgradable PSS. Then after identifying the knowledge gaps
towards the design of an upgradable PSS, the authors
developed a four-stage conceptual design framework.
The framework is still at the initial stage of maturity, and
further improvements and evaluation with real life case studies
from an environmental, economic, and technical point of view
are needed. The future enhancement of the framework should
also consider aspects such as cost, production time, and quality.
In future, the authors will extend the current framework into a
systematic and comprehensive PSS design methodology by
incorporating tools and techniques for each steps of the
framework, including feedback loops across lifecycle phases.
In that regard, the influence of later life cycle stages such as,
modeling and testing, manufacture, distribution, usage, and end
of life, on the design of upgradable PSS will be investigated.
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Abstract
The circular economy concept is receiving increasing attention from academia and businesses as a conceivable means to
decouple economic growth from material consumption. Product Service Systems (PSS), primarily due to their
sustainability potential, have been identified as a promising lever that can facilitate the transition towards a circular
economy. However, a product may not be more resource efficient or have reduced environmental impacts just because
it is marketed through one of the various PSS business models. In this regard, the comprehensive End-of-Life (EOL)
management of PSS can play a crucial role by maximizing the utilization of a product’s remaining value. In this paper,
we consider the applicability of the cascade use methodology proposed by Kalverkamp et al. [15] in the context of PSS.
Additionally, we explore the possible synergies and associated challenges between PSS business models and cascade
utilization.

1

Introduction

Rapid technological advancement, changing consumer preferences and increasing market competition prompt
manufacturing companies to introduce a variety of often reduced lifespan products at a cheaper price. Consequently, a
majority of manufacturers is trying to increase their profits based on sales volume and overall cost reduction. However,
because of innovation through new knowledge, changes in consumers’ perceived needs and excessive costs of repair or
maintenance, these products quickly become obsolete [1] even before the end of their actual physical lifetime or
economic value [2]. The current socioeconomic system is primarily based on a linear production and consumption
model following a 'take-make-use-dispose' philosophy. This only elevates the environmental and economic challenges
caused by inefficient use of scarce resources.
The concern about this growing environmental load related to economic growth has prompted increased interest in
alternative ways of achieving more sustainable economic models through enhanced resource efficiency. In this context,
the circular economy concept is receiving increasing attention from academia and businesses as a conceivable means to
decouple economic growth from material consumption [3]. Unlike linear production and consumption models, the
circular economy promotes greater resource productivity by reducing waste and use of virgin materials through reuse,
remanufacturing, and recycling of End-of-Life (EOL) products [4-6]. However, from an economic prospective, circular
business models need to assume more business risks compared to linear business models. This is primarily due to the
complexity associated with reverse supply chains and the uncertain economic value of EOL products [7].
In this regard, Product-Service Systems (PSS) have been widely recognized as a promising lever that can support and
facilitate the transition towards a circular economy [4, 6, 8-9]. The PSS business model, in which the use or the function
of a product is sold instead of the product’s ownership, can mitigate the provider’s risk to maintain circularity of EOL
products, components, or materials. One of the main reasons is that in case of such PSS, providers have access and
better control of the products as well as information regarding the condition, quantity and timing of the returns [10].
Additionally, companies that retain ownership of a product are responsible for the whole lifecycle of their product [11]
and thus will have an intrinsic motivation to (i) prolong the useful life span of their products, (ii) maximize utilization,
(iii) ensure energy and material efficiency, as well as (iv) reuse products, components, and materials as much as
possible after the end of the product’s life [9, 12-14].
However, a product may not be more resource efficient [9] or have reduced environmental impacts [14] just because it
is marketed through one of the different PSS business models. In this respect, the comprehensive EOL management of
PSS that will help to maximize the utilization of product’s remaining value can play a crucial role. The cascade use
methodology, which has been widely utilized in the biomass domain, offers a broader perspective on the EOL [15].
Recently, Kalverkamp et al. applied this methodology in the context of products that are not marketed through renting
or sharing (i.e., PSS) business models [15]. In this paper, we consider the applicability of the cascade use methodology
in the context of PSS, while exploring possible synergies and associated challenges between PSS business models and
cascade utilization.
The remainder of the paper is structured as follows. In the next section, key concepts for the later discussion are
presented in the form of an overview of circular economy, PSS and cascade use. The third section summarizes the
cascade use methodology proposed by Kalverkamp et al. [15] and considers its applicability in the context of PSS. The
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fourth section sheds light on the potential synergies and associated challenges between PSS business models and
cascade utilization. The final section summarizes and concludes the paper and provides future research directions.

2

Key Concepts

In this section, key concepts for the later discussion are presented in the form of an overview of circular economy, PSS
and cascade use.
2.1
Circular Economy
The circular economy concept is attracting significant attention from researchers, industry and policy makers. In the
literature, the most common and widely accepted definition of circular economy is given by the Ellen MacArthur
Foundation [6], which defines circular economy as a “system restorative and regenerative by design, which aims to
maintain products, components and materials at their highest utility and value”. The Ellen MacArthur Foundation has
also identified the following three circular economy value drivers: (i) pursuing resource efficiency, (ii) extending the
lifespan of products and (iii) closing the material loop. The circular economy puts forward the idea of restoration and
circularity in order to decouple the environmental burden from economic growth by enabling multiple closed-loop
cycles of reuse, remanufacturing, and recycling [23-24]. The circular economy business model has a strong connection
with PSS due to the fact that the responsibility related to the management of EOL product’s lifecycles shifts to the PSS
provider. This shift of responsibility from a private person (user) to a professional entity (PSS provider) supports the
sustainable management of closed-loop industrial systems where materials are recollected, reused, remanufactured, and
recycled [25].
2.2
Product Service Systems (PSS)
PSS can be understood as a special case of servitization - a concept introduced by Vandermerwe and Rada in 1988 [16],
long before PSS were introduced. Servitization describes the phenomenon of manufacturing firms developing value
propositions by incorporating additional services in order to attain a competitive edge in the market [17]. Servitization
and PSS, both describe the same concept (i.e., “a marketable set of products and services” [1]) but PSS usually involves
the sustainability context in addition to the somewhat ‘economic only’ context of servitization. In 1999, Goedkoop et al.
[18] introduced the term PSS and defined it as “system of products, services, networks of players and supporting
infrastructure that continuously strives to be competitive, satisfy customer needs and have a lower environmental
impact than traditional business models”. A solution composed of physical products and related services may be harder
to replicate for a competitor, compared to solely product and process-based manufacturing [19]. Additionally, integrated
services mean more satisfactory experience for customers and generally increased revenue for the manufacturers [20].
PSS business models can be categorized into the following three distinct types [17, 21]:
• Product oriented business models: The primary purpose of this business model is to provide tangible value to
the customer. The ownership of the product is transferred to the customer, while the PSS provider sells
additional services in the form of maintenance, upgrades, or EOL take-back.
• Use oriented business models: In this business model, the PSS provider sells the use or availability of a
product that is not owned by the customer. Examples of this type are product leasing or sharing.
• Result oriented business models: In this business model, the PSS provider sells a result or capability of a
product and not ownership. For example, instead of selling a printer to a customer, the company can sell the
result, such as document management capability.
This paper mainly focuses on the use and result oriented PSS business models. A business strategy built around these
business models establishes a value proposition in which manufacturers retain the product ownership and are
responsible for its functionality, maintenance, upgrade, and EOL management. This transfer of the responsibility to
manufacturer creates an incentive for them to design best possible products in terms of superior functionality, reduced
operational (i.e., less consumables inputs) and maintenance cost, and better reusability, re-manufacturability, and
recyclability [22]. As a result, PSS may prove to be a more resource efficient and effective solution with less
environmental impact compared to conventional product-oriented solutions.
2.3
Cascade Use
The cascade use methodology originates from the forestry sector and has been widely utilized in the biomass domain.
Cascade use can be defined as the efficient utilization of resources by using a certain resource sequentially for different
purposes [26-27]. The objective is to first exploit the products, components, and materials on higher cascade levels for a
longer period of time, before using them as an energy source. In the case of products, adopting a cascade use means preplanning and designing the route of the EOL products from one product or component to another [28], for example,
using EOL electric vehicle batteries in stationary applications before recycling the materials. Another common example
from the biomass domain is the use of solid timber in higher value products with large dimensions, instead of chipping
it or using it as fuel for energy [29].
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Circular economy and cascading utilization have many parallels and similarities [30] in that both strategies promise to
increase resource efficiency by a circular management and multiple uses of resources [31]. However, cascade use
primarily focuses on the utilization possibilities (e.g., reuse, remanufacture and recycling) of a particular resource, while
circular economy provides a more holistic approach [30].

3

Cascade Methodology and its Applicability in the Context of PSS

In the next section, we first summarize the cascade use methodology proposed by Kalverkamp et al. [15], and then
consider the applicability of this methodology in the context of PSS.
3.1
Cascade Use Methodology
The cascade use methodology aims to highlight and integrate the complexity of end-of-life options into the management
of product lifecycles. The cascade use methodology shows how products and eventually materials cascade through
reuse and recycling to recovery (ideally avoiding landfill). Originally, the concept of cascade use stems from the
biomass domain where it represents how renewable resources such as wood, i.e. wood fiber, cascade through
consecutive processes of use, reuse, and recycling before being treated as an energy source [32]. The term “cascade” or
“cascade use” (and similar versions) is also used outside the biomass domain, for example in the context of lifecycle
management, reuse, and product returns [33].
For the cascade use methodology, the biomass-domain “cascade” serves as a blueprint in combination with the steps
‘reuse’, ‘recycle’ and ‘recovery’. These steps are derived from the waste management hierarchy [34]. Fig. 1 shows the
cascade use methodology and depicts clearly the increasing complexity and variety of end-of-life options at the levels
reuse, recycle, and recovery. This cascade perspective neglects the possibility that products and materials can as well
move from a lower to a higher cascade level. An example how this might be facilitated is through an upcycling or reuse
process, transforming a discarded product into another (new) product. In such case, the product/material flow exits the
cascade and enters another cascade, representing the end-of-life of this new product. Products and materials can also
remain at the same cascade level through iterations of reuse (e.g., remanufacturing) or recycling (e.g., up-/downcycling). This cascade does not consider landfill as landfill does not contribute to circularity [34].

Figure 1. Cascade Use Methodology [15]

Although the cascade perspective influences the product lifecycle from its beginning, the reality at the product’s end-oflife may not fit the planned lifecycle even if circular business models such as PSS or closed-loop supply chains were
used to manage the product lifecycle. At some point, products may leave the system “unscheduled”. For example, when
third-parties take advantage of products offered to the “outside system”. The latter case is most likely to occur in
systems associated with a transfer of ownership (rather than PSS). However, even products used in a PSS setup may
eventually end up with another owner. At this point, the end-of-life-options increase and so does the complexity of
managing the EOL. The visualization of different cascades fosters alternative end-of-life solutions, in supporting
decision makers to identify economic and environmental potential in the different ‘streams’ of the cascade by
integrating market realities (e.g. trade with used products) of changing end-of-life options. The cascade use
methodology acknowledges this complexity and recognizes that one supply chain owner can hardly manage all potential
end-of-life scenarios.
Kalverkamp et al. [15] introduced a case study on the cascade use of tires (Fig. 2). It was found that after their first use,
tires are reused without any alteration in another market, which tolerates a lower tread depth of tires. In the next cascade
level, tires with too low tread depth are retreaded as a remanufacturing operation. Before using tires in the energy
recovery cascade level, the tires are recycled into new products such as shoe soles or artificial turfs.
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Figure 2. Cascade Use of Tires [15]

In a second case study, the authors outlined how a product component moves through the different cascade levels while
not being managed in a typical closed-loop supply chain scenario. They identify third parties taking advantage of
discarded suspension control arms for remanufacturing purposes. Their case shows that the third party closes the
component loop and improves the environmental impact of the component through an extended component lifetime.
The related process innovation for the remanufacturing of this component highlights that third parties, not being part of
a closed-loop supply chain or a PSS, can contribute significantly to the sustainability of products and components. This
marks one of the potential challenges of PSS where due to different reasons the product producer may be no longer
interested in a product life extension although such could still provide environmental benefits.
3.2
Applicability of the Proposed Methodology in the Context of PSS
Instead of assuming integrated reverse flows from the EOL towards predefined reuse and recycling processes, the
proposed methodology takes into consideration that highly integrated, totally market oriented and intermediate
organizational types coexist. As a result, it includes both open and closed-loop supply chain perspectives to reflect the
broad variety and complexity of different EOL options.
On the other hand, use/result oriented PSS by definition form some kind of closed-loop supply chain as the providers
retain ownership of the PSS. The closed-loops are especially prevalent at the reuse and remanufacturing levels.
However, at the recycling and recovery levels, a closed-loop setting may not be a viable option for a majority of the
PSS providers. For example, the lack of economies of scale may prevent a washing machine provider to recycle all the
materials of an obsolete washing machine when building a new one. For this reason, PSS providers may feel more
comfortable in an open loop setting at the recycling and recovery levels.
In this regard, the proposed methodology could be a good fit for PSS, given their need for both open and closed-loop
supply chain perspectives. Therefore, we propose to consider the cascade use methodology in the comprehensive EOL
management of PSS to support the transition towards a circular economy.

4

Synergies and Challenges of PSS Business Models and Cascade Utilization

The authors of the proposed methodology identified policy, new technology (e.g., for remanufacturing or recycling),
business models and raw material prices as the possible influencing factors that affect the mass flows within different
cascades. However, the authors do not consider the aspect that there could be several factors that may influence the ecoefficiency of a particular cascade level. For example, there are several factors that influence the eco-efficiency [35] of
remanufacturing, such as product design, build quality and information regarding the condition, quantity, and timing of
the returns. Similarly, different business models with their distinct characteristics can be understood as one of such
influencing factors that can play an important role in determining the efficiency within a cascade level. This observation
calls for an exploration of the possible synergies and associated challenges between PSS business models and cascade
utilization.
4.1
Possible Synergies
Compared to traditional manufacturers who rely on product sales, PSS providers have better capabilities (systematic
recovery, product condition and usage data, technical knowledge, investment potential, market for recovered products
etc.) and economic incentives to ensure the optimal reuse and remanufacture of EOL products. Consequently, a product
marketed through a PSS business model may have a better chance to be utilized at the higher cascade levels such as
reuse and remanufacture due to readily available information throughout the supply chain. Retained ownership of the
products, closer customer relations and the information regarding product location help PSS providers with systematic
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recovery through a better organization of the collection (for remanufacture/recycle) and reallocation (for reuse)
activities during EOL or when the subscription ends [7, 23]. As the EOL products originate from various sources and
different working conditions, they do not show uniform quality conditions, which results in unique remanufacturing
needs [36]. However, due to advances in information technology, PSS providers can gather large amounts of usage data
throughout the lifecycle and track the condition of the products and components in real-time, allowing for less
uncertainty and better performance of remanufacturing activities [23]. Furthermore, in order to restore a product to
original or better condition, remanufacturing requires considerable expertise and knowledge of the product that is
generally readily available to PSS providers [7, 37]. Another challenge for remanufactured or second-hand products is
that their price needs to be adjusted in order to attract customers. However, in a PSS setting, the acceptance and demand
for those products is significantly improved as the customers only use the product without having its ownership
transferred (i.e., paying for it) [38].
Product design can also play a crucial role to ensure higher levels of cascading use such as reuse, remanufacturing and
recycling while delaying final sinks such as energy recovery or landfill. Thinking in the perspective of cascade use will
help to appropriately consider and reflect the EOL requirements during the design phase. Certain design decisions taken
at the Begin-Of-Life (BOL) stage can have major implications in the management of EOL products. For example, it can
be very inefficient to manage an EOL product if its design makes it difficult to disassemble in order to remove
hazardous substances [39]. On the other side, the design can reflect the future need for easy disassembly, e.g., by using
threaded fasteners instead of epoxies, however, this is often associated with an increase in cost. Since the PSS providers
retain the ownership of the product, the entire lifecycle management of the product becomes their responsibility and
they tend to focus more on the Total Cost of Ownership (TCO) instead of mainly focusing on design and manufacturing
associated cost. Therefore, PSS providers have several incentives to design more durable and flexible products while
keeping different eco-design criteria, such as design for disassembly, remanufacturing, and recycling, in mind [40].
Moreover, designing for technological cycle [41] enables alternative revenue models that create value from waste [42],
for example, ‘cradle-to-cradle’ [43] – where raw materials are chosen based on their recyclability nature; and ‘industrial
symbiosis’ [44], where by-products from one process become feedstock for another process.
4.2
Associated Challenges
One of the challenges of maintaining a closed-loop supply chain within PSS business models is that it may limit the
innovation potential of third party remanufacturers, who can often lead the way towards the remanufacturing of new
parts that are not being remanufactured by the OEMs [15]. In some cases, third party remanufacturers can even create a
remanufactured component that performs better than the equivalent new part manufactured by the OEM. For example, a
third-party remanufacturer claims to have overcome the common failure of a throttle body by improving its design [45].
These kind of solutions bring economic gains for both the remanufacturer (profit) and customer (lower cost) while
contributing towards the environment by delaying material recycling [15]. However, in a closed-loop setting the flow of
EOL products and components may not reach such third-party remanufacturers, resulting in a loss of innovation
opportunity.
Due to the complexity at the EOL, it is very difficult for PSS providers to manage all available EOL options on their
own. Consequently, several stakeholders govern the decision on product design and EOL recovery option. There are
several factors that affect these decisions; these factors are related to engineering, business, environmental, and societal
aspects [46]. However, there can be conflict between these factors, which may result in varying prospective between
stakeholders. For example, material recycler’s interest in pure and easy to recycle material may not coincide with PSS
provider’s interest in composite light weight material [46].
Another drawback specific to PSS business models is that the users may not use the PSS in the recommended way since
they do not actually own the PSS. This may adversely affect the useful lifespan and thus the underlying objective of
cascade use. The cost of maintaining reverse logistics can be another important concern for the PSS providers. Even
when a particular remanufacturing or recycling operation is technically feasible, the costs of recovery operations must
be less than the recovered value in order to make remanufacturing or recycling economically attractive for PSS
providers [47].
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Conclusions and Future Research

This paper investigated the applicability of the cascade use methodology in the context of PSS. It further explored
possible synergies and associated challenges related to PSS business models and cascade utilization. Cascade use
methodology includes both open and closed-loop supply chain perspectives to reflect the broad variety and complexity
of different EOL options. Thinking in the perspective of cascades will enable PSS providers to consider a broad variety
of EOL alternatives in addition to the originally planned options in the closed-loop setting. Consequently, the
environmental and economic benefits of the PSS business models may go beyond the initially designed lifecycles. PSS
have a better chance to be utilized at the higher cascade levels due to readily available lifecycle information.
Furthermore, PSS providers have more incentives compared to traditional manufacturers to design a product with the
objective of retaining them at higher cascade levels for a longer time.

6
Future research should concentrate on how PSS providers can go beyond their closed-loop supply chain setting and
incorporate solutions offered by third party remanufacturers and third markets. Furthermore, future research should
develop a method that will consider the collective interests of all stakeholders when designing a PSS and deciding on
EOL recovery options in order to transcend the boundaries of individual stakeholders. A methodology to assess the
cascading degree within a PSS supply chain can play an important role in proper implementation of the circular
economy. Lastly, a wide implementation of PSS business models and therefore a transition towards the circular
economy will require simultaneous support from manufacturers, customers, policy makers, lawyers, and regulatory
institutions.

6

Zusammenfassung

Das Konzept der Kreislaufwirtschaft steht als mögliche Maßnahme zur Entkopplung des wirtschaftlichen Wachstums
von einem steigenden Materialverbrauch zunehmend im Fokus von Wissenschaft und Wirtschaft. Aufgrund ihrer
Nachhaltigkeitspotenziale wird Produkt-Service-Systemen (PSS) eine vielversprechende Rolle bei der Umstellung zu
einer Kreislaufwirtschaft zugesprochen. Allein die Tatsache, dass ein Produkt als Teil eines der vielfältigen PSS
Geschäftsmodelle vermarktet wird, bedeutet jedoch nicht dass es als ressourceneffizient angesehen werden kann oder
geringere Umweltwirkungen verursacht. Das umfassende End-of-Life (EOL) Management von PSS kann in diesem
Sinne eine wesentliche Rolle spielen, indem es die Ausnutzung des verbleibenden Produktwerts maximiert. In diesem
Beitrag wird untersucht, inwiefern sich das von Kalverkamp et al. [15] vorgeschlagene Konzept der Kaskadennutzung
auf PSS übertragen lässt. Zudem werden mögliche Synergien und Herausforderungen zwischen PSS Geschäftsmodellen
und Kaskadennutzung betrachtet.
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Abstract
Upgradable products are comparatively more robust against uncertainties stemming from future technological innovations and market
e e . The ha e he
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a a d e f mance enrichments during
different consecutive life cycle stages. In academia, there is a growing interest in upgradability as a product life cycle extension strategy, especially
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1. Introduction
Confronted with an increasing global population and limited
environmental resources, sustainability issues have become a
significant concern worldwide. One such issue is the shorter
product life cycle in an industrial economy focused on linear
production. Several empirical studies indicate that the median
lifetimes of consumer products are in decline [1, 2, 3, 4, 5]. For
example, Huisman et al. [2] found that the average lifetime of
various electrical and electronic equipment has decreased by
10% between 2000 and 2010. Faster technology cycles [6],
evolving consumer preferences [7], and increased competition
between manufacturers [8] enable consumers to enjoy products
with more functions and better performance at a cheaper price.
However, these products quickly become obsolete, in some
cases even before the end of their physical life/ economic value

[9], due to (i) innovation through new knowledge, (ii) changes
in consumers' perceived need, and (iii) high costs of repair and
maintenance [10]. In this regard, it can be argued that a shorter
product lifetime can have a significant impact on both the
environment and the economy [11].
In the literature, there are several product lifetime extension
strategies available that may help to reduce the environmental
impact and increase the economic value of a product by
increasing the utilization period and deaccelerating the flow of
materials through the economy [12]. In a recent study, Khan et
al. [11] compiled a comprehensive list of product life extension
strategies and classified them based on their definition into
three product lifecycle stages Beginning of Life (BOL),
Middle of Life (MOL), and End of Life (EOL). Furthermore,
the authors reported a fast-growing interest in product
upgradability related research in the academia and argued that
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upgradable products have promising potential to extend product
lifetime, especially given the growing importance of a
d c MOL. Upgradable products are comparatively more
robust against uncertainties related to future technological
innovations and market movements [13]. They have the
potential to satisfy evo
g c
e
efe e ce b
integrating functional and performance enrichments during
different consecutive life cycle stages [14]. Potential
advantages of an upgradable product design are resource
efficiency, new business opportunity, faster dissemination of
innovation, and lower overall lifecycle cost for consumer [15].
The implications of upgradable products in a business
context, have however remained largely unexplored. Their
realization may require additional capabilities and resources,
which a conventional manufacturer often cannot provide.
Furthermore, due to novelty, complexity and associated risks,
upgradable products require a change in the general value
proposition structure of standard products [16]. Consequently,
manufacturers need to rethink consumer relationships, key
partners, channels, revenue streams, etc. (i.e., business model)
in order to align with the new value proposition structure that
h f a fac e f c f
a e-time sale towards a
continuous delivery of customer satisfaction and value. Pialot
et al. [16] and Chierici and Copani [13] stated that there are
questions without answers related to the business models that
are hindering manufacturers in their journey to market
upgradable products: What type of value proposition? What
type of consumer relationship? What form of contract? What
type of logistic infrastructures? etc.
One possible way to address this research gap can be the
servitization of the upgradable products, i.e., developing them
as Product Service Systems (PSS) and then provisioning them
with a business model that is designed specifically for
upgradable PSS [11]. This entails a need for a comprehensive
business model framework for upgradable PSS. Hence, to
provide a first step towards a comprehensive business model
framework, this paper analyses the specificities of upgradable
PSS and their implications on the components of the wellestablished Business Model Canvas by Osterwalder and
Pigneur [17] based on a literature review.
The remainder of the paper is structured as follows. Section
two presents key concepts for the later discussion in form of an
overview of business model, servitization and PSS business
models, and upgradable PSS. The third and fourth sections
present the research methodology and the results of the
literature review in the form of implication of upgradable PSS
on the components of the Business Model Canvas. Section five
provides a discussion of the results with respect to additional
literature before concluding the paper in section 6 with a brief
conclusion and an outlook on future work.
2. Key concepts
2.1. Business model
A business model can be considered as a conceptual tool that
represent the company's underlying mechanism how a business
creates, delivers, and captures customer value [18]. This tool
also provides a simplified description and representation of a

company's strategies, operations and relationships that define
their business logic [19]. The fundamental contribution of a
business model stems from the fact that it enables the creation
of practices, which help companies to identify, comprehend,
design, analyze, and alter their business logic [17].
2.2. Servitization and PSS business models
The process through which manufacturing firms pivot
toward more service-based business models is generally
referred to as servitization [20, 21]. Servitization describes the
phenomenon of manufacturing firms developing value
proposition by incorporating additional services [22] in order
to attain a competitive edge in the market [23]. One of the most
comprehensive and accepted definitions of servitization is
given by Ren & Gregory [24]. They defined servitization as a
cha ge
ce , he e
a fac
g c
a e ad
service orientation by developing new and better services, with
the aim to fulfil c
e
eed , a a c
e
e edge , and
enhance the overall firm performance. A key aspect is to base
the offering on the customer needs, offering solutions to
problems instead of mere products. An offering composed of
physical products and related services may be harder to
replicate for a competitor, compared offers involving only
products [25]. Additionally, integrated services show more
satisfactory experience for customers and generally increased
revenue for the manufacturers [26]. On the other hand, Product
Service Systems (PSS) can be understood as a special case of
servitization. In 1999, Goedkoop et al. [27] introduced the term
PSS a d def ed a
e
f
d c , e ce , e
of players and supporting infrastructure that continuously
strives to be competitive, satisfy customer needs and have a
e e
e a
ac ha ad
a b
e
de .
This is also in line with Sundin and Bras (2005) who state that
PSS can be economically and environmentally beneficial with
product remanufacturing [39]. Baines et al. [28] described
servitization as a shift from selling product to selling PSS.
Servitization and PSS, both indicate a similar concept (i.e., a
marketable set of products and services). However, PSS
usually involves the sustainability context in addition to the
e ha ec
c
c e
f e
a
[26]. PSS
business models commonly categorized into the following
three types [22, 29]:
Product oriented business models: The purpose of this
type of PSS is to provide tangible value to the customer. In
this case the customer owns the product, while the PSS
provider sells additional services such as maintenance,
upgrades, or EOL take-back in the form of contracts.
Use oriented business models: The PSS provider sells the
utility or accessibility of products without of a product that
is not owned by the customer. Compared to simple rental
business model, this one offers additional features such as
lower Total Cost of Ownership (TCO), reduced
environmental impacts, and condition monitoring and
health assessment analysis [30].
Result oriented business models: The PSS provider retains
the ownership and sells a result or capability of a product.
For example, instead of selling printer to a customer, the
manufacturer sells printed documents.
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2.3. Upgradable PSS
Faced with shorter product development cycles, consumers
often dispose conventional products before the end of their
useful life due to functional obsolescence [9, 13]. Upgradable
PSS represents a well-suited technique for addressing this
e. P a e a . [16] ece
d ced he e
g adab e
PSS a d cha ac e ed he b a h b d e
a
e
that involves the integration of upgradability, optimized
maintenance, and valorized end-of-life parts.
The periodical PSS upgrades will enable better
implementation of technological advances and performance
improvements into the products and services. It will enhance
the PSS
de
ca ac
a f e
g c
e
preferences and to improve environmental and economic
sustainability over the PSS life cycle [31]. This can be achieved
by design for upgradability features that are incorporated
during the BOL stage. The capability to upgrade a system
during its future use phase by integrating services and
technologies that might not yet available, will provide
additional value for the all PSS stakeholders throughout the
extended PSS life cycle [32]. PSS upgrades can be provisioned
by several means that may lead to performance and functional
improvements. For example, upgrading the product by adding
or exchanging modules, upgrading the service by adding new
service element in the primary offering, or upgrading both
product and associated services simultaneously.
Upgradable PSS are also considered as an enabler of circular
economy [33]. Furthermore, PSS architecture allows optimized
EOL treatments of the replaced modules via more frequent and
controlled use of remanufacturing and recycling supply chains
[34, 35].
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papers. These papers were then read in order to carry out a
detailed content-based selection, during which only those
papers that explicitly discussed key business model
components (i.e,. consumer relationships, key partners,
channels, revenue streams, etc.) were selected for our final
analysis. This content-based selection carried out on the sample
of 35 papers, allowed to exclude 18 additional papers.
Furthermore, the database search was complemented by crossreferencing for further relevant publications, which led to a
final list of 21 relevant papers as a basis for this study.
In the third and final step of the study, we have performed a
qualitative data analysis on the basis of the business model
framework given by Osterwalder and Pigneur [17], which is
widely accepted in both managerial and academic
communities. This framework is known as Business Model
Canvas and consists of nine building blocks that reflect all key
components found in the business model literature. Followings
are the nine building blocks [17]: value propositions, customer
segments, customer relationships, channels for customer
engagement, key activities, key resources, key partners, cost
structure, and revenue streams.
4. Results and discussion
Based on the knowledge gathered from previous studies on
upgradability [11, 36], and synthesis of the reviewed literature
on PSS business models, the authors identified attributes that
are related to PSS and upgradable PSS business models. These
attributes are listed following the structure of business model
canvas [17] in Fig. 1 (attributes that relate to upgradable PSS
marked with ●). Furthermore, the specificities of upgradable
PSS and their implication on the key business model
components are briefly discussed in the following subsections.

3. Methodology
In a first step towards a comprehensive business model
framework, we investigated the literature on PSS business
models to derive the specificities of upgradable PSS and their
implication on the key business model components. Our
research methodology consists of three main steps: (i) database
selection and literature identification, (ii) screening identified
literatures for relevancy to PSS business models, and (iii)
synthesis of selected literature on the basis of nine building
blocks from the business model canvas.
In the first step, we selected Web of Science (WoS) as our
primary database due to its comprehensive coverage of the
focus area. Following, we conducted a keyword search in WoS
using the search string (" d c e ce
e "+ b
e
de ) a a
a c ee g c e
. Th
e e ed
78 journal articles and 84 proceedings as of September 2018.
We have conciously included conference papers in this study
because the documents covering the topic of PSS business
models are not always published in journals as it is still a
relatively new and emerging topic.
In the second step, after reading the titles and in most cases
also the abstracts of all 78 articles and 84 proceeding papers,
65 articles and 62 proceeding papers were excluded as these
papers were found to not be directly related to PSS business
models. This exclusion resulted in a consolidated sample of 35

Fig. 1. Attributes related to PSS and upgradable PSS business models.

4.1. Value propositions
The core component of PSS business models is the value
proposition, which refers to the value provided by the
integration of products and services to a customer segment.
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Examples of attributes that can help to create customer value in
an upgradable PSS are:
Functional fitness: Due to wear and technological
obsolescence, the fitness and attractiveness of a product
decrease with time [16]. In this regard, principle value
proposition of an upgradable PSS is the periodical upgrade
services that ensure products are always up-to-date and
able to perform advanced functionalities with leading
performances [13].
Dematerialized value: In upgradable PSS, value can also
be dematerialized in the form of software upgrades. The
added value of these upgrades could be easily repeated by
means of firmware upgrade [16], which requires little to
no technological or material changes to generate value
[11]. Software upgrades are also more convenient and less
costly to obtain compared to physical product upgrades.
For example, Tesla recently announced a simple over-thea
f ae
g ade ca ed
dc
de f
he
Model S and Model X cars. This upgrade reduces the
acceleration time from 3.8 to 3.2 seconds to reach 100
km/h [37].
Increased affordability of technological advances:
Modularity is one of the key upgrade-enabling design
features [36] that allows to embed technological advances
into existing products by adding or swapping modules.
The ability to upgrade a system without replacing the
e e
d c , he
c ea e a c
e aff dab
of gaining access to the state-of-the-art technologies.
Furthermore, the technological advances that can be
installed via software upgrades may also help to improve
affordability.
Extended product lifespan: The utilization period of PSS
can be extended during the future usage stage by
incorporating services and technologies that might not yet
be available [11]. This extended operational lifespan
results in reduced environmental impact and overall lower
life cycle costs.
Depending on the different types of PSS business models,
there can be many more additional value propositions that are
common to PSS in general [38, 39, 40, 41], such as:
customization, advice and training, reduced cost of operations,
lower initial investment, performance and function guarantee,
reduced life cycle risk, trust and commitment, flexibility in
contracts and ownership, co-creation of solutions, etc.
4.2. Customer segments
Success of a business model largely depends on serving the
right customer segment with the appropriate set of value
propositions [42]. Value propositions of PSS business models
involve changes in ownership, responsibility, availability, and
cost structure [43]. Hence, PSS providers need to segment and
analyze the needs of their customer base using multiple and
advanced criteria that consider different types of customer
expertness, habits, behavior, and values [38, 39, 40]. This is
even more applicable for upgradable PSS because of their
unique value propositions. Examples of potential customer
segments are - organizations with low capital investment
capability, customers who seek higher performance and

functional guarantee, innovators and early adopters,
environmentally conscious organizations (B2B), expert
consumers (B2C), green consumers (B2C), etc.
4.3. Customer relationships
Closer relationship and increased interaction with customers
are considered a priority in PSS business models [42]. In order
to deliver value in terms of upgrade services, the providers of
g adab e PSS eed
e a
f
ed ab
c
e
preferences, needs, problems, and interests. This can be
achieved by establishing long-term relationship with customers
that will result in continuous collection of life cycle data about
the usage behavior and dynamic customer feedback [36]. Tight
relationship and improved interaction also encourage
customers to participate in design, production and delivery of
PSS or upgrade offerings that are individually tailored to their
specific needs [44]. From the literature we could find the
following attributes that relate to customer relationships [13,
38, 39, 45]: close and long-term relationships, formal
agreement and mutual trust, sharing information and
knowledge and co-creation of value.
4.4. Key resources
Key resources are the vital assets required to run a business
model. Adrodegari et al. [40] listed human, ICT, and finance as
the most important resources for PSS business models. In order
to deal with PSS customers, new competencies and skills (e.g.
service, R&D) are needed that can be achieved by training
existing employees or by recruiting new ones. Furthermore,
financial resources and partners become very important in
order to tackle the substantial capital investment needs. In case
of upgradable PSS, to come up with an attractive set of upgrade
options during the use phase, the PSS providers need to
continuously validate the customer requirements and identify
upgrade opportunities throughout the PSS life cycle [36]. This
can be achieved by constantly collecting data about the usage
behavior and taking dynamic customer feedback into account
[36]. I h ega d, ICT f a c e
ch a U -WebPaf
ca he
ha e f
a
a d
edge [16].
4.5. Key activities
Key activities include the critical tasks a company should
perform to make the business model work. Core activities
related to PSS business models are product development and
design, service design and engineering, PSS configuration and
delivery, customer and partner relationship management,
g he de e
e
f he c
e b
e
de ,
etc. [38, 39, 40]. Design of upgradable PSS needs special
attention since the degree of upgradability at the later life cycle
stages will largely depend on the upgrade enabling factors such
as modularity and interoperability [36]. Another important task
is the development and management of a dynamic and bidirectional communication channel (i.e., U -Web-P a f
).
There could be other activities specific to upgradable PSS such
as periodically train customers on the upgraded products
functionalities, installing and planning upgrades, etc.
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4.6. Key partners
The key partnerships refer to the network of suppliers and
other partners that run a business model. Design, configuration,
and delivery of PSS is a complex task. If a PSS business model
is to be operated efficiently or effectively, various types of
stakeholders need to be involved [44]. Due to clear agreements
and mutual trust, the partners of the PSS collaborative network
exchange information and materials more intensively than in
traditional supply chains [13]. In a PSS business model,
financial institutes, logistics companies, and law farms are
common partners [46]. For upgradable PSS providers, R&D is
a very critical activity that can be very costly if performed
internally. In this case, making an alliance with another
company to perform R&D in joint venture can help to reduce
cost [44]. On the other hand, remanufacturing with upgrade
will require periodical take back of the physical product, hence
the need for reverse logistic partners become relevant [13].
4.7. Channels for customer engagement
The channels describe how PSS providers keep in touch
with and reach their customers in order to deliver value. Three
types of channels are common in PSS business models:
communication, distribution, and sales channels.
Communication channels: PSS business models require
the key partners to exchange information and materials
intensively in the form of collaborative networks [13]. A
bi-directional web platform can be used as a tool for the
constant communication between PSS providers and
customers [44]. In fact, for upgradable PSS, Pialot et al.
[16] have introduced the concept of an online platform
ca ed U -Web-P a f
ha
he he c
mers to
choose and configure upgrades. On the other hand, PSS
providers will be able to collect and prioritize customer
dissatisfaction and track changes in their needs.
Distribution channels: A distribution channel is concerned
with the delivery of PSS offerings to the customers [47].
For the delivery of upgrade services, various types of
strategies involving stakeholders from PSS providers to
consumers along with distributers are considered [16].
Depending on the difficulty level and required skills, some
customers may choose to install the upgrades themselves
b f
g he
c
f he U -Web-P a f
[16], while others may prefer the upgrades to be installed
by certified technicians [11]. On the other hand, upgrades
can also be installed vir a
he f
f
d c
firmware upgrades [48].
Sales channels: Sales channel personnel should define
how the value of PSS should be presented to customers to
be more attractive than buying a product-based solution
[19]. Online configurators can also be used to demonstrate
and compare cost-benefit of future upgrade choices.
4.8. Revenue streams
The revenue streams represent the ways in which a PSS
provider can make money. PSS business models allow
numerous ways of revenue generation. For example, revenue
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may be generated based on a predetermined result, usage, or
availability of the PSS [40, 46]. In case of retained ownership,
PSS providers use formal business contracts to describe how
rights, revenues, and liabilities are distributed among the
involved stakeholders [49]. Furthermore, revenue stream based
on distributed payments over time leaves the PSS providers in
charge of initial capital investments [13]. Therefore, a risk
premium needs to be included in the revenue model when the
providers retain the PSS ownership [38]. On the other hand,
revenue streams can also be generated from the retrieved value
of EOL products or components that can be reused or
remanufactured [50]. In case of upgradable PSS, there can be
multiple techniques to generate revenue. For example, upgrade
e ha a e
ga
ed e
e
e- ff
g ade f
a catalogue according to individual customer demands [16].
4.9. Cost structure
The cost structure describes all the expenditure incurred to
operate a business model. In a PSS business model, when a
function is sold rather than product ownership, the provider
will have to make a substantial capital investment that involves
longer payback period [39, 40, 45]. Moreover, since PSS
providers need to assume more responsibility for the
c
e
ea
, add
a
e
f c ,
ch a
operational, maintenance, upgrade, spare parts, EOL, disposal,
etc. become relevant [39, 40]. Additionally, in case of
upgradable PSS, intensified R&D effort is required to allow
incorporation of technological innovations into the PSS by
means of functional and performance upgrades [36].
5. Conclusion and future research direction
To provide a first step towards a comprehensive business
model framework for upgradable PSS, this paper analyzes the
specificities of upgradable PSS and their implication on the
components of the well-established Business Model Canvas
based on a literature review. The aim of this paper was not to
develop a completely new model or perspective but to raise
awareness and begin a discussion on potential of PSS business
model for realizing upgradable products. In the future, a
comprehensive business model framework should be
developed and validated using case study. Furthermore, when
searching for relevant literature, the future research should also
consider keywords such as hybrid product, functional sales,
integrated product service offerings, integrated service, service
integration, etc. that define the similar concept as PSS.
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Fast-paced technology lifecycles continuously increase the uncertainty of decision-making processes
when it comes to acquisition of new technological innovations. This is especially true in case of
technology acquisitions by means of equipment replacement that is often capital intensive and time
consuming. The midlife upgrade strategy, building on manufacturing servitization and product-service
system (PSS) business models, presents a promising alternative to traditional equipment replacement.
Midlife upgrades describe the extension of capital equipment’s remaining useful life by means of
upgrading components, sub-systems or the like in response to certain triggers from users, environment,
or market. However, the concept of midlife upgrade has thus far been discussed primarily from a
theoretical perspective in literature. The state of the art lacks empirical evidence regarding the potential
and outcome of successful midlife upgrades. In this paper, our objective is to empirically investigate the
potential of midlife upgrade of capital equipment as a value-adding alternative to traditional equipment
replacement in the context of servitization. To this end, ﬁrst we develop a replacement decision
framework based on the inﬂuencing factors and motivations behind equipment replacement. Then we
present ﬁve case studies of capital equipment that have been upgraded during their middle of life to
perform beyond their initial design speciﬁcation. These case studies are analyzed based on the
replacement decision framework with the goal of understanding whether the established inﬂuencing
factors and motivations behind traditional equipment replacement are also applicable to capital
equipment midlife upgrades and if so, to what extent. Our ﬁndings indicate that midlife upgrades have
the potential to effectively postpone replacement while extending the remaining useful life of capital
equipment and thereby facilitate the implementation of the circular economy. Our ﬁndings also suggest
that midlife upgrades indeed present a value-adding alternative to traditional equipment replacement
from the perspectives of both users and manufacturers, especially when provisioned with a servitized
PSS business model.
© 2019 CIRP.
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Introduction
Many ﬁrms are pivoting towards more service-oriented
business models. This process is generally referred to as
servitization [1,2]. Servitization is the phenomenon of manufacturing ﬁrms developing value proposition by incorporating additional
services [3] in order to attain a competitive edge in the market [4].
Ren & Gregory [5] deﬁned servitization as a ‘change process’,
where manufacturing companies adopt service orientation by
developing new and better services with the aim to fulﬁl
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customers’ needs, attain competitive edges, and enhance overall
ﬁrm performance. Alternatively, Baines et al. [6] described
servitization as the innovation of organizational capabilities
required to shift from selling products to selling Product Service
Systems (PSS). The term of PSS was ﬁrst introduced by Goedkoop
[7], who deﬁned it as “system of products, services, networks of
players and supporting infrastructure that continuously strives to
be competitive, satisfy customer needs and have a lower
environmental impact than traditional business models”.
Servitization and PSS are strongly tied to Product Lifecycle
Management (PLM), as information exchange/access across and
within lifecycle phases is crucial ([8,9]). There are two main
perspectives on product lifecycles. One is frequently employed in
the business (strategic management/marketing) domain and
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focuses mainly on the lifecycles of industries, product generations,
etc. [10,11]. While the other is mainly utilized in the engineering
domain and allows for a more product-oriented perspective that
divides the product lifecycle in three distinct phases: Beginning of
Life (BOL), Middle of Life (MOL), and End of Life (MOL) (see Fig. 1).
The BOL comprises the ideation and creation of the product
(design, manufacturing, assembly, etc.), MOL covers the whole
usage of the product but also service/maintenance and other
operations, while EOL focuses on the remanufacturing, recycling,
and disposal [12]. The three-phase model is often used when it
comes to item-level coverage and closed-loop PLM [13].
The MOL phase is currently the main focus area of servitization
as it is during this period where a PSS delivers the most value to the
user. Active management of assets through the MOL in a PSS setting
brings forth new opportunities for manufacturers and other
stakeholders [14,15]. By extending the value offering through MOL
services and ultimately creating a PSS, the users and manufacturers
of PSS are tied more closely together and additional revenue
streams are created ([3,6]). One such value adding MOL service
strategy gaining traction in the literature is midlife upgrade of PSS
[16–20]. Midlife upgrade describes the process of improving the
performance and functional capability of a PSS during its active
usage period. Ultimately, it allows to extend the useful lifetime of a
PSS by postponing replacement.
However, despite being a potentially value-adding MOL service
strategy, concrete cases of successful midlife upgrades are
currently not available in literature. In a recent systematic
literature review, Khan et al. [16] reported that the concept of
midlife upgrade has been treated primarily in a theoretical fashion
in the PSS literature with rare evidence of any practical
implementations and actual evaluations. Hence, it can be
concluded that the state of the art lacks empirical evidence
regarding the potential of midlife upgrade in the context of
servitization. In order to address this gap, we aim to empirically
investigate the potential of midlife upgrade as opposed to
traditional equipment replacement. We want to explore whether
the inﬂuencing factors and motivations behind equipment
replacement are applicable to equipment upgrade as well.
Additionally, we investigate to what extent midlife upgrade can
be a value adding alternative to equipment replacement in the
context of servitization. To this end, ﬁrst we explore the available
literature on equipment replacement in order to collect and
understand the various inﬂuencing factors and motivations behind
equipment replacement. As the literature on traditional equipment
replacement is much more mature and developed compared to
literature focused on the relatively new concept of midlife upgrade,
we aim to investigate if we can use some of the proven and
established ﬁndings in this new ﬁeld. Building on that, we develop
a novel equipment replacement decision framework based on the
identiﬁed factors and motivations. To answer our main research
question, whether the equipment replacement factors and
motivations can be used to analyze and inform midlife upgrade
decisions, we present ﬁve case studies of capital equipment that
have been upgraded beyond their initial design speciﬁcation. Our

Fig. 1. Model of a product lifecycle and important information ﬂows [73].
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case studies are analyzed using our new framework to evaluate its
usability in the context of midlife upgrades, as well as provide
empirical insights on successful midlife upgrades for capital
equipment to contribute to the literature of the ﬁeld.
This paper is structured as follows: section two provides a brief
background and in-depth problem description to motivate our
research. In the next section, we describe our research methodology, structured around the four main steps we followed to answer
our research question and close the research gap. In the fourth
section, we present our novel equipment replacement decision
framework, including a detailed list and description of all factors
and motivations behind traditional equipment replacement
decisions. Following, we present and analyze our ﬁve midlife
upgrade case studies using our framework in section ﬁve and
discuss the results and the limitations of this work in section six.
Section seven concludes the paper and provides an outlook on
further research.
Research background and problem justiﬁcation
The strategic replacement of capital equipment is a routine
phenomenon for most industrial enterprises and an essential topic
in the management of capital assets [21]. Incorrect replacement
decisions often cost far more than all the savings achieved in any
other area of production and planning [22]. Equipment replacement regularly requires signiﬁcant investment and can affect the
proﬁtability and competitiveness of an organization for the next
several years. The importance of optimal replacement decisions is
further substantiated by the fact that companies and other
organizations in the United States alone spent $975 billion on
capital equipment in 2016 [23], thus accounting for more than ﬁve
percent of the annual GDP in the same year.
The need for new equipment is primarily motivated by either
additional equipment that is required to meet an increased
demand for a company’s products or services, or the replacement
of existing equipment [24]. The decision to replace existing
equipment, in turn, can be largely attributed to two main reasons:
(i) increased operating and maintenance (O&M) costs of the
existing equipment, and (ii) the availability of technologically
advanced equipment on the market. As capital equipment is
generally utilized over time, it faces physical deterioration, which
ultimately leads to increasing O&M costs and a decrease of the
salvage value. Furthermore, technological progress leads to
the emergence of newer equipment that operates more efﬁciently
and often provides additional beneﬁts [25].
The equipment replacement problem has been studied for
nearly a century by researchers in the ﬁeld of economics and
operations research under different contexts [81]. Particularly, the
inﬂuence of technological progress on replacement decisions has
been studied extensively in the literature. Some valuable recent
contributions worth mentioning include des-Bordes and
Büyüktahtakın [26], Büyüktahtakın and Hartman [27], Hartman
and Tan [81] as well as Yatsenko and Hritonenko [28]. This
emphasis is not surprising considering the rapid development of
technology that provides companies with many opportunities to
improve their efﬁciency, product quality, and ultimately proﬁt
[29]. Furthermore, the importance of adopting advanced technologies in order to achieve and maintain a company’s sustained
competitive advantage has been established for a long time within
the literature [30,31].
At the same time, the lifecycle of equipment is shrinking, at
least partly caused by the fast-paced technology cycles [29]. What
appears to be a rational equipment purchase may soon become
obsolete [27]. As a result, it is increasingly difﬁcult for decision
makers in industry to conﬁdently acquire new technological
innovations by means of traditional equipment replacement,

234

M.A. Khan et al. / CIRP Journal of Manufacturing Science and Technology 29 (2020) 232–244

which is often very capital intensive and time consuming. A major
factor is that the invested capital for a new equipment purchase
might very well not be recovered by the time another advanced
technology appears and renders is obsolete. Therefore, it becomes
increasingly difﬁcult for decision makers to justify yet another
replacement [27]. Under these circumstances, midlife upgrades
may have the potential to (i) keep the capital equipment up to date
with the rapid technological advancements, and (ii) reduce the
risk, ﬁnancial and beyond, of equipment purchase. Midlife
upgrades can effectively lead to postponing equipment replacement by extending its remaining useful life. Furthermore,
servitization adds to these positive aspects by fostering a close
relationship between the equipment manufacturers and users of
the equipment.
Methodology
Given the exploratory nature and novelty of this research, a
combination of literature review and case study approach is most
applicable [32,33]. Therefore, we have employed the research
method following two main activities (see Fig. 2): (1) developing
an equipment replacement decision framework based on the
motivation behind equipment replacement and related factors that
are used to characterize these motivations through an in-depth
literature review, and (2) applying our novel framework empirically, using several midlife upgrade case studies. The research
objective is to understand whether the inﬂuencing factors and
motivations behind traditional equipment replacement are also
applicable to equipment midlife upgrades, and if so, to what extent.
The results of these two activities enable us to understand the
potential of a midlife upgrade strategy as a value-adding
alternative to equipment replacement. Furthermore, by presenting
empirically grounded case studies, we expand the current
literature which lacks in this area.
Steps to develop the equipment replacement decision framework
In order to develop our novel equipment replacement decision
framework, we investigated the available equipment replacement
literature to identify the inﬂuencing factors and motivations
behind traditional equipment replacement. To this end, we
followed four steps to develop our new framework: (i) database
selection and literature identiﬁcation, (ii) screening identiﬁed

literatures for relevancy, (iii) identifying the inﬂuencing factors
and motivations behind traditional equipment replacement
decisions based on the synthesis of relevant literature, and (iv)
constructing our novel framework.
i In a ﬁrst step, we selected Web of Science (WoS) as our primary
database due to its comprehensive coverage of the focus area
and its high-quality content. Following, we conducted a
keyword search in WoS using the search string “(equipment
or asset or machine) and (replacement or substitution or
upgrade or modernization)”. We have applied the keyword
selection and initial screening criteria described in Ref. [16],
which resulted in 872 papers as of December 2018.
ii In a second step, after reading the titles and in selected cases
additionally the abstracts of all 872 papers, 794 papers were
excluded as these papers primarily focused on repair, maintenance, spare parts replacement, or some other topics considered out of scope. This exclusion resulted in a consolidated
sample of 78 papers. These papers were then read in full to carry
out a detailed content-based selection, during which only those
papers that explicitly discussed issues related to capital
equipment replacement decisions were selected for our ﬁnal
analysis. This content-based selection carried out on the sample
of 78 papers, allowed to exclude 47 additional papers.
Furthermore, the database search was complemented by
cross-referencing for further relevant publications, which led
to a ﬁnal list of 44 relevant papers as a basis for constructing of
our framework.
iii In a third step, we have thoroughly read all of our selected papers
while looking for potential inﬂuencing factors and motivations
behind equipment replacement decisions. Whenever we were
able to identify an inﬂuencing factor or replacement motive, we
took note of it along with a short description and its references.
This step resulted in set of replacement motivations and
associated inﬂuencing factors that characterize those motivations.
iv In the ﬁnal step, we have constructed our framework by carefully
reﬁning, categorizing, describing, and mapping the identiﬁed
inﬂuencing factors within each of the equipment replacement
motivations. For this step, we have also taken inputs from other
PhD students and a post-doctoral researcher from our lab.
Eventually we reﬁned, categorized, and mapped the identiﬁed
factors into the framework by a three-step iterative process.

Fig. 2. Schematic of the methodological steps.
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Motivation behind equipment replacement
Based on the synthesis of the relevant literature, we identiﬁed
several equipment replacement rationales that can be consolidated into four basic motivations. The replacement of equipment is
generally motivated or driven by (i) deterioration of the equipment
currently owned, (ii) obsolescence of the existing equipment with

[1–15], [17], [20], [25], [30], [34], [37], [39], [40–43]

[5], [6], [7], [41], [43]

[1], [3], [5], [20], [41]
[16], [19]

[41], [43]

[25], [42]
[2], [3], [10], [11], [13–15], [18], [25], [29], [34]

[14], [15]

[1], [3–7], [16], [31–32], [43]
[1], [3], [5], [19], [20], [29], [30–31]

Technological progress

Availability of spare parts
Future potential of
technological progress
Incompatibility

Availability of mechanics
Obsolescence
factors

Throughput time
Utilization rate

Scrap or rework rate

Rate of failure
Reliability

Productivity

Availability or downtime

Brief description
Factor
Category

Over time, equipment ages and it becomes increasingly
expensive and sometimes even impossible to maintain the
required level of performance (i.e., capacity or quality), leading
to equipment replacement. Replacement decisions, in turn,
depend on many different factors including both ﬁnancial and
non-ﬁnancial measures. Following the methodology described in
section 3, we have identiﬁed a comprehensive list of 40 different
factors that were reported to inﬂuence replacement decisions. In
Table 1, we have created a comprehensive list and brieﬂy deﬁned
the identiﬁed factors, along with the references originally
reporting them. Additionally, we have classiﬁed the various factors
based on their deﬁnitions broadly into three categories: technical
factors, economic or commercial factors, as well as regulatory
factors. It should be noted that some of the factors are
interdependent and may depend on the cumulative effect of
several other factors. For example, some of the replacement
models considered the overall O&M costs as a single factor,
whereas other models have considered individual factors such as
rate of failure, energy cost, labor cost, spare parts cost, lubrication
cost, repair cost, etc. separately. Furthermore, potential risks are
also important to consider beside the actual factors. For example,
increased environmental risk may inﬂuence a replacement
decision despite the fact that an actual event is yet to occur.

Table 1
Comprehensive list of factors that inﬂuence equipment replacement decisions.

Factors that inﬂuence equipment replacement

Productivity
factors

We have thoroughly reviewed the equipment replacement
literature to identify the inﬂuencing factors and motivations for
equipment replacement. Based on the identiﬁed replacement
factors, we have developed a novel framework that provided the
basis for our semi-structured interviews and subsequent analysis
of the ﬁve case studies.

Technical factors

References

Equipment replacement decision framework

The actual time that the equipment is capable of production as a percentage
of total planned production time.
The overall efﬁciency of the equipment. Usually measured in terms of the rate
of output per unit of input.
Frequency of equipment breakdowns expressed in failures per unit of time.
The probability that the equipment will satisfactorily function when
performing the intended tasks for a speciﬁed period of time.
Percentage of failed assemblies or materials that are added into production
but is not part of a ﬁnished product.
The amount of time it takes for a product to pass through the equipment.
Utilization rate is the percentage of time an equipment spends doing the
intended function.
Availability of mechanics or technicians who have the technical knowledge to
ﬁx a failed equipment.
Availability of spare parts, accessories and consumables.
Further improvements of technology that could occur in the future, but those
improvements may have a bearing on the current decision.
Compatibility issues of an equipment with the other equipment in the
production line.
A process of invention and commercialization of new technologies that result
in improved methods of producing goods.

[1], [6], [14], [15], [20], [28], [30]

In a next step, we have selected and analyzed ﬁve different
case studies on midlife upgrades to analyze the similarities and
differences between capital equipment replacements and midlife
upgrade decisions. The selected case studies cover the description
of capital equipment midlife upgrades that have already been
implemented in real life. The case studies were selected as they
have the following traits in common: complex engineered
products and their associated services, a long operational
lifetime, and set in a Business-to-Business (B2B) environment.
The data collection for the case studies included qualitative, semistructured interviews, as well as secondary sources to augment
the empirical data. To ensure the reliability and validity of data
collection procedure, we developed a research protocol based on
the equipment replacement decision framework. Additionally,
the framework has provided a deﬁnite structure with a list of
factors to be investigated and has been used as a guideline
throughout our semi-structured case interviews. Analysing the
case studies in a structured way based on the equipment
replacement decision framework allowed us to derive insights
that are valuable for both academics and industrial decision
makers.

[3], [11], [13], [14], [19]

Case study selection and analysis
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Table 1 (Continued)
Category

Factor
Market factors

Others

Product variety or
customizability
Age
Long term deterioration

Cap-and-trade
Carbon tax
Environmental issues / risks
Ergonomic efﬁciency
Safety or health issues

Economic or commercial factors Cost factors

Financial factors

Others

Energy cost

References

Customer's willingness and ability to purchase a product at a given price.
The amount of money that has to be paid to obtain a particular product.
The perception of the degree to which a speciﬁc product or service meets or
exceeds the customer's expectations.
Refers to different product design and types aimed at meeting various
customer needs
The length of time that an equipment has been in operation.
Refers to the reduction in operational capability of an equipment due by wear
and tear, erosion, fatigue, etc.
An approach that sets emission limit for a group of corporations and allows
them to trade their emission allowances among themselves.
A fee imposed on the burning of carbon-based fuels and depends on the
carbon content of fossil fuels.
Refers to the changes in law and policy regarding various environmental
factors such as emission of carbon or other greenhouse gases.
The ability of the equipment to reduce strain of the labors' body that would
otherwise be caused by the manual.
The issues related to the safety, health, and welfare of people who operate or
work nearby the equipment.

Refers to the cost of consumed energy by the equipment per unit operation
time or per unit output.
Fixed installation cost
The installation cost associated with the equipment replacement procedure.
Floor space cost
The cost of space required for an equipment to perform its intended function.
Holding cost or inventory cost The cost of keeping an old equipment in the inventory before salvaging or
disposing it.
Insurance cost
Cost to purchase equipment insurance, which covers expenses of the
equipment incurred from various types of damages.
Labor cost
Cost of labor hours needed by the equipment per unit operation time or per
unit output.
Operation and maintenance
The cost of operating labor, maintenance, materials and energy needed to
cost
guarantee that the equipment is available for production.
Purchase cost of new
Capital required to purchase a new equipment or adopt a new technology.
equipment or technology
Staff training cost for new
Cost to train the existing staff about how to operate the new equipment.
equipment
Depreciation
A reduction in the value of an equipment due to long-term deterioration.
Discount rate
This rate is used to discount the future cash ﬂow in order to ﬁnd the Net
Present Value (NPV) of that future cash ﬂow.
Inﬂation
A general increase in the prices of goods and services over time or decrease in
the purchasing value of money.
Interest rate on invested
Refers to the cost charged by a lender to a borrower and is expressed as a
capital
percentage.
Payoff period
The length of time required to recover the purchase cost of an equipment.
Tax concessions
Complete or partial monetary exemptions that reduce taxable income.
Capital budget constraint
Available capital for long-term investment.
Salvage value
Estimated value of an equipment at the end of its useful life.

[2], [10], [14], [15], [17], [18], [25], [34], [36]
[14], [15], [25]
[10], [14], [15], [23], [25]
[14], [15]
[2–4], [8–12], [14–17], [21], [29], [33–35], [37]
[1], [2], [26], [39]

[18]
[18]
[1], [3], [5], [18–21], [30], [38], [42], [44]
[13]
[1], [3], [5], [7], [19], [20], [23], [29]

[1], [3], [6], [7], [18], [42], [43]
[2], [5], [8], [17], [18], [34], [36], [37], [43]
[14], [15], [44]
[2], [12], [14], [17], [18], [40]
[2], [14], [15]
[13], [14], [44]
[2–4], [8–11], [16–18], [24], [29], [31], [33–36], [43]
[2–5], [8–11], [16–18], [24], [25], [29], [34–37], [39]
[3], [20–23], [28]
[4], [12], [16], [40]
[4], [6–7], [9–13], [16], [19], [24], [25], [29], [34–39], [43]
[4], [12], [16]
[4], [11], [12], [14], [16], [25]
[3]
[4], [10], [12], [16]
[2], [5], [13], [17], [18], [40]
[2], [4], [8-11], [13-18], [24], [25], [29], [34–36], [38], [39]

[1] Hastings [52]; [2] des-Bordes & Büyüktahtakın [26]; [3] Zhang et al. [78]; [4] Mathew & Kennedy [22]; [5] Mellal et al. [60]; [6] Mercier & Labeau [62]; [7] Mercier [61]; [8] Yatsenko & Hritonenko [75]; [9] Yatsenko & Hritonenko
[76]; [10] Rajagopalan [24]; [11] Rogers & Hartman [67]; [12] Koowattanatianchai & Charles [58]; [13] Jin & Kite-Powell [56]; [14] Chang [47]; [15] Meyer [63]; [16] Hartman [25]; [17] Büyüktahtakın & Hartman [27]; [18] Abdi &
Taghipour [41]; [19] Apeland & Scarf [44]; [20] Sulaiman & Visser [72]; [21] Bollinger [46]; [22] Keating et al. [57]; [23] Dima & Man [50]; [24] Al-Chalabi et al. [43]; [25] Wang & Nguyen [29]; [26] Jain [55]; [27] Sindhuja [70]; [28]
Micromain [65]; [29] Scarf & Hartman [69]; [30] Sandborn et al. [68]; [31] Mardin & Arai [59]; [32] Chen & Cheng [48]; [33] Yatsenko & Hritonenko [28]; [34] Hartman [51]; [35] Hritonenko & Yatsenko [53]; [36] Yatsenko &
Hritonenko [74]; [37] Yatsenko & Hritonenko [77]; [38] Stutzman et al. [71]; [39] Nair & Hopp [66]; [40] Adkins & Paxson [42]; [41] Clavareau & Labeau [49]; [42] Aylen [45]; [43] Michel et al. [64]; [44] Hritonenko & Yatsenko [54].
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Regulatory
factors

Brief description
Product demand
Product price
Product quality
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respect to technological advances of new equipment available on
the market, (iii) increase or decrease of the required capacity, and
(iv) changes in law, policy, or regulation. Below, we brieﬂy discuss
the four main motivations along with the reasoning behind their
classiﬁcations.
Deterioration
Equipment deteriorates with age due to regular usage and other
factors such as wear and tear, erosion, and fatigue. Over time, they
face increasing failure rates leading to higher O&M costs, lower
productivity, unmet production schedules, reduced output quality,
and decreasing salvage value. Furthermore, the health, safety, and
environmental costs also increase along with more frequent
breakdowns. Consequently, there comes a point at which it is no
longer viable to continue operating the current equipment and a
replacement is often the consequence.
Technological obsolescence
Technological obsolescence usually occurs when new equipment or technologies become available to supersede the currently
operating model. It is generally preferred to use the newer one
despite the fact that the older one is still in working condition.
From the perspective of capital equipment, we have classiﬁed
technological obsolescence into the following three types:
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equipment replacement project in order to guarantee the required
capacity needed to satisfy demand in an economic manner.
Changed regulation
Changes in law, policy, or regulation related to emission, work
place safety, waste treatment, etc. can often lead to replacement of
existing equipment that cannot conform to the updated rules. For
example, carbon tax and cap-and-trade are two regulatory
schemes that are used to restrict industrial emissions. The carbon
tax imposes a fee on the burning of carbon-based fuels and the capand-trade program sets emission limit for a group of corporations
and allows them to trade their emission allowances among
themselves.
After illustrating both the 40 identiﬁed factors and four main
motivations behind capital equipment replacements, we present
the resulting equipment replacement decision framework in the
next sub-section. The framework serves as the basis for our semistructured interviews and the case study analysis and ultimately is
used to discuss the applicability of traditional capital equipment
replacement factors and motivations for midlife upgrade decisions.
Again, with the goal in mind to understand if the relatively new
ﬁeld of midlife upgrade can proﬁt from the established body of
knowledge on traditional equipment replacement.
Equipment replacement decision framework

! Functional obsolescence occurs when the repair and maintenance
of legacy equipment become difﬁcult or impossible due to
unavailability of spare parts, skilled maintenance personnel, and
supporting technologies, thus making the equipment functionally obsolete. Furthermore, changes made in a production system
may render a piece of equipment incompatible with other
machines within the system which is another example of
functional obsolescence.
! Economic obsolescence occurs when technological advancements
enable newer equipment available on the market to operate
more efﬁciently compared to current equipment. Adopting new
technology may reduce the O&M costs, failure rate, rework rate,
labor requirement, energy consumption, etc., which in turn
decreases output price, thereby increasing the overall competitiveness. The replacement decision in this case depends on
various factors, such as new equipment cost, discount rate,
interest rate, tax concession, and differences in efﬁciency,
reliability, and safety of existing and new equipment. The basic
idea is to compare the cost-beneﬁts of keeping the existing
equipment versus replacing it with something better. It is also
important to consider the evolution of technological improvements that may become available in the future, because those
improvements may have a bearing on the decision at this point in
time.
! Market obsolescence occurs when an equipment delivers less
marketable output (products and/or services) compared to what
an alternative equipment available on the market may produce,
resulting in reduced proﬁtability or utility of the ﬁrm. In this
case, replacement decisions are driven by competitive advantage
considerations instead of primarily cost savings. For instance,
when faced with market obsolescence, it could be more
proﬁtable to replace the existing equipment even before the
end of its economic life to take advantage of a technological
breakthrough that allows the output to be: of better quality,
greater variety, or delivered faster, which in turn may create
additional demand and greater proﬁt margin.

Changed capacity needs
Changes in market conditions often lead to sustained increase
or decrease in output demand. This may in some cases justify an

We have developed our equipment replacement decision
framework in Table 2 by mapping the 40 identiﬁed factors in
categories based on the four main motivations for equipment
replacements. The mapping was done using the context of the
available literature as well as independent mapping by three
experts with a follow-up discussion. Our developed framework
will help us to analyze the case studies in a structured way and to
investigate whether the inﬂuencing factors and motivations
behind equipment replacement are also applicable and valuable
to understand the motivation behind equipment upgrade decisions. Furthermore, we believe it is a valuable tool for academics
and managers faced with difﬁcult replacement or upgrade
decisions to approach this in a structured way.
Case studies
In this section we provide a brief overview of the ﬁve midlife
upgrade case studies followed by a detailed analysis based on our
new replacement decision framework. The case studies were
chosen strategically to cover different industrial sectors (defense,
transportation, and power) and resemble complex engineered
products with long operational lives. It is important to mention
that the data collection and analysis involved both primary (semistructured interviews) and secondary data (academic literature,
white papers, websites, etc.).
Brief description of the case studies
B52 strategic bomber
The B52 is the largest strategic bomber in the US Air Force
(USAF) and although already over 60 years old, it remains in active
service today. The operational life of the aircraft has been extended
to almost 100 years with the current plan to remove the aircraft
from active service in 2050. Since its introduction, there has been a
continued programme of upgrades to the aircraft to maintain its
operational readiness. These have come about for two different
reasons: (i) changes to mission requirements; and, (ii) availability
of new technologies. The missions for the B52 have signiﬁcantly
changed since 1952, when it was initially designed as a highaltitude bomber. Shortly after its introduction it was forced to
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Table 2
Equipment replacement decision framework.
Replacement
reasons

Related inﬂuencing
factors that
characterize the
replacement
reason

Intrinsic motivations

Extrinsic motivations

Deterioration

Technological obsolescence

Increase in
costs

Decrease in
output
quality

Age

Long term
Age
deterioration

Availability
Reliability
or downtime
Scrap or
Energy cost
rework rate
Floor space
cost
Insurance
cost
Labor cost

Declining
resale value

Decrease in
safety
conditions

Functional
obsolescence

Economic
obsolescence

Changed
capacity
needs
Market
obsolescence

Long term
Availability of
deterioration maint.
personnel
Depreciation
Rate of
Availability of
failure
spare parts
Incompatibility
Incompatibility Reliability

Capital budget Product
Product
constraint
customizability demand

Long term
deterioration

Fixed
installation
cost
Future tech.
progress
Holding cost
or inventory
cost
Inﬂation

Scrap or
rework rate

Salvage value
Technological
progress

Long term
deterioration
O&M cost

Productivity
Rate of
failure
Reliability
Scrap or
rework rate
Throughput
time
Utilization
rate

operate at lower levels to avoid detection. And at present, it has been
operational in ‘cyberspace’ and in counter terror warfare, which
required major changes compared to the original requirements from
the aircraft that date back to the cold war. New strategic bomber
systems have been developed that can be considered competition for
the B52, namely the B2 and Valkyrie. However, they could not fully
replace the B52 in its versatility and capability (e.g., delivery of
payload). B52 also extended the USAF’s overall capabilities by
bringing speciﬁc features such as the stealth design of the B2 to the
table. The capabilities of the aircraft have been upgraded continuously, in particular the communications systems and the weapons
pods. The motive behind those upgrades was to maintain
compatibility in one form or another with other active weapon
systems. Noncompliance with these new technological requirements would directly lead to a reduction in operational effectiveness
and trigger the need to replace the equipment.
Frame 9E gas turbine
Introduced in 1978, the Frame 9E from GE is a mature heavyduty gas turbine, which is designed for applications where high
reliability, ease of operation, and fuel ﬂexibility are needed. It
competes with other power generation technologies available on
the market and has been installed in industrial applications (e.g.,
aluminium manufacturing) as well as pure power generation. With
time the user requirements have changed, and the primary interest
is not limited to output and efﬁciency anymore. For example,
increasing volume of electricity from renewable sources has led to
the need for mixed generation of electricity from the turbine and
other renewable sources. In order to respond to the changing user

Depreciation
Discount rate

Changed
regulation

Product
demand
Product price

Productivity

Cap-and-trade

Carbon tax

Scrap or
rework rate
Product quality Throughput
time

Environmental
issues
Ergonomic
issues

Product variety Utilization
rate

Safety or health

Interest rate
on invested
capital
Payoff period
Purchase cost
of new
equipment
Salvage value
Staff training
cost
Tax
concessions
Technological
progress

requirements, GE has introduced numerous upgrade programs
(hardware and/or software) for its large ﬂeets of 9E that resulted in
enhanced plant performance (increased output and efﬁciency),
operational ﬂexibility, increased maintenance interval, and durability. Much of the new technologies have been originally
developed for aero gas turbines or from advanced technologies
used in subsequent generations of GE’s industrial gas turbines.
Wartsila’s slow steaming upgrade
Slow steaming upgrades for heavy cargo ships are a prime
example to understand the importance of midlife upgrades,
specially, given the market dynamics of global shipping logistics.
Until 2008, the shipping industry was the greatest beneﬁciary of
globalization, moving more and more cargo around the globe at an
ever-increasing pace. However, the economic recession changed
the situation abruptly and the boom ended almost overnight.
Overall decline in the demand of goods resulted in excessive
shipping capacity and steep decline in shipping rates. This
overcapacity coupled with increased fuel cost, shifted the mission
of cargo ships form providing a faster mode of transportation to a
more economical mode of transportation. In order to tackle this
crisis, slow streaming became a reliable solution for trimming
down shipping capacity and fuel cost simultaneously. Slow
steaming refers to the traditional method applied in cargo ships
to reduce liner speed as a way to lower operating costs by reducing
fuel consumption. Wartsila, a Finnish corporation, has introduced a
slow steaming upgrade kit in 2008 to enable ship owners to realize
major savings in fuel consumption and thus costs through slow
steaming their ships.
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Table 3
Case study analysis according to equipment replacement framework.
Deterioration

Obsolescence

Changed capacity needs

Changed regulation

& Reliability and maintainability of
the electronic countermeasure
system were improved by upgrading
two components that had high failure
rates.
& Several minor upgrades supported
the maintenance aspects of the
aircraft, e.g., reduction of time
required for certain maintenance
activities and inspections.

& The communication system
received major upgrade called
CONECT, which linked the B-52 s with
the USAF’s current communications
networks. This upgrade included new
computer servers, data links, and a
digital IT architecture that will serve
as the foundation for future upgrades.
& In accordance with the
technological advancements,
continuous upgrades of the electronic
countermeasure systems ensured
state of the art defensive capabilities
against a variety of enemy threats.
& The B52's weapon systems
received several midlife upgrades. For
example, the weapons bay upgrade
enabled the airplane to carry sensitive
‘smart bombs’ internally, which
previously could only be carried on
the wings exposed to the (harsh)
environment. This resulted not only
in increased weapon payload capacity
but also improved fuel efﬁciency (due
to reduced drag).
& The USAF suspects that the
diminishing sources for spare parts
will make current engines
unsustainable by 2030. Therefore, the
USAF has ﬁnally decided to upgrade
the existing TF33 engines with RollsRoyce's BR725 or GE's CF34-10
engines. This upgrade will improve
the engine reliability and fuel
efﬁciency (as well as the overall
range).

& The Big Belly upgrade allowed the
B-52 to increase its bomb capacity for
carpet bombings.
& The installation of the underwing
fuel tanks further increased B-52's
fuel capacity and range.

& The need for low-level operations
raised safety issue, which was
addressed by adding the electrooptical viewing system (EVS). The EVS
provided real-time information to
avoid hazardous terrain situations.
& B-52 has been criticized for both
the noise and emissions created by its
TF-33 engine, which is soon to be
replaced by a newer engine. (BR725 or
CF34-10)

Frame 9E & The Dry Low NOx (DLN)
combustion system upgrade helped
to signiﬁcantly extend the interval
between maintenance outages. It
resulted in increased availability and
overall lower O&M costs.

& Newly available technologies
allowed the upgrade of selected
components and integration of
advanced software to enhance
turbine performance, operation, and
durability.
& Advanced gas path upgrades
helped to increase output, efﬁciency,
and availability while reducing fuel
consumption. Gas path upgrades also
improved cooling and sealing of
components that resulted in
increased durability.
& Implementation of the OpFlex
intelligent control system allowed the
operational ﬂexibility needed for
integrating electricity from
renewable sources.

& Within the power generation
sector, capacity requirements vary
due to several factors. The OpFlex
solution helped to economically
respond to changing power demands
(peak ﬁring) by reducing start time
and fuel consumption during partial
load conditions.
& Four-stage turbine module
upgrades resulted in a signiﬁcantly
increased power output with
comparably low investment required.

& The DLN combustion system
upgrades helped to meet the
increasingly strict regulatory
requirements by reducing CO2 and
NOx emissions.

Slow
& There was no intrinsic motivation
steamingbehind the slow steaming upgrade.
Operating cost increased due to
external factors such as fuel price and
diminishing demand following the
2008 ﬁnancial crises.

& The ships were originally designed
to operate at full speed between ports
to provide maximum capacity on the
shipping routes. However, the
signiﬁcant reduction in global freight
transportation made those ships
economically obsolete. The objective
of the slow steaming upgrade was to
increase ships' productivity in terms
of cost per unit weight per unit
distance. The modiﬁcation involved
replacement of the original control
system, optimization of the engine for
the lower speed, and changes in the
hull structure to reduce drag at lower
speed.
& This upgrade allowed the marine
engines to operate at as low as 10% of
their maximum power without
additional operating restrictions.

& The worldwide decline in the
demand of goods resulted in
excessive cargo shipping capacity and
thereby sharp decline in shipping
rates. The slow steaming upgrade
helped to reduce the excess capacity
by slowing the ship's speed while
reducing its operating cost
signiﬁcantly.

& Even though there were no
regulatory requirements to reduce
emission, the slow steaming upgrade
signiﬁcantly reduced fuel
consumption and thereby carbon
emissions.

B-52
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Table 3 (Continued)
Deterioration

Obsolescence

Changed capacity needs

Changed regulation

& The changes in the market started
to favor ﬂexible operation –
something the power plants were not
originally designed for. As the
ﬂuctuations in electricity demand
increased, the existing SCADA system
was failing to respond to the drastic
changes in demand. The new HMI
provided additional functionality and
ﬂexibility, which made it easier for
the operators to perform both peakand base-loading operations.

& The actual changes in the required
electricity generation capacity did not
play direct role in this case. However,
the real-time ﬂuctuations in
electricity demand, ampliﬁed by an
increasing percentage of renewables
in the power mix, was an issue this
midlife upgrade addressed.

& Regulatory factors did not directly
inﬂuence the midlife upgrade
decision in this case. Indirectly, the
regulations inﬂuence the percentage
of renewables in the power mix,
which in turn made the increased
ﬂexibility necessary.

& Upgrade of the metro’s traction
system from DC to AC increased its
reliability (in terms of distance
traveled between failures) almost
twenty times and reduced energy
consumption by over 40%.
& Train control and monitoring
system was upgraded.
& Other systems, such as passenger
information system, security system
(camera), ﬁre detection system,
ground-to-train communication
system, etc. were upgraded to comply
modern standards.

& The use of AC powered trains
allowed for faster and smoother
acceleration and thereby increasing
the effective capacity.
& Improved reliability and
availability of the trains also
increased the effective capacity.

& Changes to safety regulations
required that door controllers be
upgraded.
& Some of the upgrades were driven
by a desire to improve the overall
environmental performance of the
metro system.

& Without this upgrade, continuous
slow streaming would not be possible
due to risk of engine fouling and
excessive component temperatures
when operating below 50% engine
load.
SCADA
& The original hardware-based
interface SCADA system interface was getting
costlier and technically difﬁcult to
maintain. It was replaced with a
digital HMI, which was lot easier and
less costly to maintain.

Metro
rail

& Internal deterioration of the
wagons had taken place leading to
increased O&M costs. Additionally,
health and safety conditions were
also considered below ‘modern’
standards and reﬂected the
shortcomings of the original design.

Supervisory control and data acquisition (SCADA) interface upgrade
for power plants
The move to deregulation in both power generation and supply
in the UK provided power plants with many challenges; the most
signiﬁcant being increased competition. The focus of power
generation moved to favor increased ﬂexibility and responsiveness, rather than base-loading, whilst also managing plant
component life, integrity, and efﬁciency. Additionally, generation
output had to accurately match commercial contracts in order to
avoid expensive ﬁnancial losses. SCADA systems played a key role
in helping plants achieve these goals. However, most of the existing
SCADA systems were nearing the end of their useful life. The power
plants themselves were around 20–25 years old with a total
expected operational life of 40 years. The objective was to upgrade
the SCADA systems in a cost-effective manner with no additional
plant down time (other than a normal outage) resulting in reliable,
long-lasting systems.
Metro rail upgrade
The upgrade of 47 trains allowed the São Paulo, Brazil metro to
install state-of-the-art traction technology at a signiﬁcantly lower
cost than the option of buying new trains could realize. The
upgrade operation was performed using standardized modular kits
that could be easily installed. An inverter was added to the existing
rolling stock allowing the replacement of unreliable or obsolete
parts while keeping parts that are in good condition. The objective
was to reduce operating costs while improving the reliability (in
terms of distance traveled between failures) and safety during wet
conditions.

Case study analysis
In this section we present the analysis of case study data
collected from semi structured interviews. In Table 3 we
individually present the upgrade motivations for each of the case
studies and also summarize the overall ﬁndings across all ﬁve case
studies.
In Table 3 we illustrate the motivation for midlife upgrade for
each case study following our novel equipment replacement
framework. We can observe that the equipment replacement
framework seems to adequately reﬂect the motivations behind
equipment midlife upgrades as well. In other words, there is a large
overlap of factors that inﬂuence equipment replacement and
midlife upgrade decisions. Especially, the upgrades performed on
B-52 and Frame 9E could justify delayed replacement based
on each type of replacement motivation identiﬁed in the previous
section. Furthermore, the fact that all of the equipment of the case
studies investigated in this paper continued to provide value
(despite the changes in technology, market condition, and user
requirement) to its users and remained competitive, indicates that
midlife upgrade can be a value-adding alternative to capital
equipment replacement.
Traditional PLM-thinking contains a ‘phased out’ period when
the equipment is no longer manufactured and only supported for a
limited period afterwards. Apparently minor sub-systems that are
deemed ‘obsolete’ may have expensive consequences for the
longer-term support of the overall equipment or lead to (expensive
and time-consuming) reengineering of speciﬁc solutions. However, most of the equipment studied in this paper exceeded their
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initially planned design life with the equipment remaining in
operation signiﬁcantly longer than originally expected (B-52,
Frame 9E, and metro rail). The original design life appears to be a
conservative assessment, or best guess, based on the original
design and user requirements. Many of the initially installed
technologies (hardware and software) had to be replaced as they
did not function as per user’s requirements. New technologies
became available later during the lifecycle, meaning the newly
available technologies could increase the operational value beyond
the original design.
In most of the cases, only few components of the equipment
became obsolete for a number of reasons; however, it did not
generally limit the equipment from continuing to be upgraded and
in effect overcoming the apparent limitations. One important
observation is that not all the changes made to the equipment were
an ‘upgrade’, rather maybe an adaptation given the changed
market conditions and user requirements (i.e., modiﬁcation of
ships’ engines for slow steaming). Some of the changes were of
minor nature with an effective ‘like-for-like’ exchange whereas
others were based on subsystem exchanges or a major system
redesign. On the other hand, not all of the upgrades were
implemented by the original manufacturer of the equipment.
Third-party organizations also provided upgrade services leading
to equipment life extensions. We also observed that users’
expected value or requirements of the equipment changed or
evolved over time. Which is rather logical, as the real requirements
and limitations of a system become much clearer during active use
facing different expected and unexpected events. For example, the
B-52 was designed for one particular role yet has successfully
preformed many others. It has managed to remain relevant to the
USAF under a continuous technological advancement, changing
political environment, and operational theatre conditions. Equipment does not generally operate in isolation and mostly has a risk
of substitution when it no-longer provides its user with
(perceived) value. The market obsolescence does not apply to all
of the equipment studied in our case studies, yet it best describes
the motivations behind changes in expected value and/or user
requirement. Changes in ownership or operational strategies could
also provide triggers that cause changes in expected value. When
considering new equipment costs, most often the total cost of
ownership (TCO) model is applied. When making a major new
investment decision, this is a good approach to take. However, once
an asset is operational, marginal costs (and marginal beneﬁts)
come to overrule the TCO approach. The capital cost of the
operational asset can be considered a ‘sunk cost’. This was clearly
seen in the metro train upgrade where the owner had limited
funds. Furthermore, procurement of new equipment could have
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incurred additional costs or risks (e.g., retraining operators and
maintenance personnel).
Discussion
The results of our case study analysis indicate that midlife
upgrades have the potential to keep capital equipment up-to-date
with technological advancements and competitive under changing
market conditions. Consequently, midlife upgrades can effectively
delay replacement and thus extend the remaining useful lifetime
of capital equipment. The principle effect of midlife upgrades on a
product’s lifecycle is illustrated in Fig. 3.
However, extending equipment’s remaining useful life via
midlife upgrades may diminish manufacturers’ business opportunity to earn revenue from new equipment sales. Furthermore,
some manufacturers may think that the provision of midlife
upgrades will cannibalize the next generation of equipment, rather
than providing a secondary channel for their technologies and
improving customer retention. Simons [34] proposes changes to
the suppliers’ business models to improve the value creation
associated with equipment upgrades and to address some of the
cannibalization concerns. The successful and sustainable implementation of a midlife upgrade strategy will require decoupling of
manufacturers’ business success from the sales volume of new
equipment. This can be achieved through the servitization of
manufacturers’ business models (i.e., PSS), where the MOL phase
responsibility is transferred to the manufacturer, while the users
pay for the services and value provided by the equipment [35]. PSS
business models enable the manufacturers to capture value and
continuously generate proﬁts throughout the extended equipment
lifecycle – hence, the interest of longer lifetime and proﬁts align.
Furthermore, there is a potential synergy between a midlife
upgrade strategy and result oriented PSS business models. For
example, any midlife upgrade that results in an increased output
will also increase manufacturer’s revenue earning potential under
output-based contracts. PSS business models additionally provide
opportunities to maintain a sustained competitive advantage, lockin consumers, and systematically retrieve EOL equipment for
remanufacturing and recycling [16,79]. These characteristics of PSS
business models help manufacturers to formulate the business
case for the provision of midlife upgrades that improve equipment
performance (e.g., increased productivity, safety, environmental,
or new customer value proposition) during MOL. The topic has a
close link to the asset management, which is needed to ensure that
the equipment operates effectively over its whole operational life
where new technologies are feed into the existing equipment at
the subsystem level [36]. This approach to asset management and

Fig. 3. Extension of equipment lifetime via midlife upgrades.
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subsystem upgrades also lends itself to the implementation of the
circular economy [34].
A key aspect we have to keep in mind is that no piece of
equipment operates in isolation. In a narrow sense, the equipment
operates synchronized with the associated services and the overall
system, be it a power plant or an air squadron. This already implies
the effect of interrelations and interconnectivity on the PSS. In a
broader sense, when taking the competitive marketplace and
political/governance aspects etc. into consideration, this is even
more emphasised. Continuous changes in market conditions and
user requirements demand adaptation, whether through an
upgrade or replacement. For complex and often expensive systems,
replacement is time-intensive (long planning horizon) and costly
(both in terms of the replacement and in terms of the loss of output
during the substantially longer replacement period), which are
actually arguments for considering midlife upgrade as an
alternative. The same stands true for rapid technological advances
which signiﬁcantly speeds up the cycle of when such upgrades are
required and/or desired. The value stemming from a midlife
upgrade is in line with the service dominant logic ([37,38]), in a
sense that value originates from the user of the equipment and will
change depending on the situation and the user’s environment,
objectives, and strategy. This conﬁrms that the original PSS design
needs to evolve over time in order to effectively maintain or
improve the customer value. In general, all the cases in this study
involved upgrades or modiﬁcation of the subsystems, which is in
line with the asset management approach [36]. With an upgrade or
modiﬁcation of a subsystem (product attribute) there are likely to
be aspects of the service deﬁnitions that need to be adjusted.
When trying to generalize ﬁndings from our case study analysis,
it becomes apparent that for complex technology-based PSS, the
upgrade options and interfaces should be incorporated in the
original PSS design process [39]. The ability to easily modify a
system and incorporate technologies that might not even be
invented yet will provide added value and additional revenue
potential for the PSS stakeholders throughout the extended
lifecycle. Novel approaches such as design for upgradability try
to create awareness and a theoretical foundation for this changing
mind-set. The fact that the lifecycles of PSS are not easily plannable
adds additional complexity and thus additional challenges.
However, in most cases, challenges entail opportunity for the
ﬁrst movers who succeed in incorporating the new paradigm
effectively and efﬁciently. From an asset management perspective,
monitoring the portfolio is crucial to identify possible upgrade
needs and/or opportunities. Viewing upgrades as opportunities is
one way of delivering the value-added perspective to the
customers and creating sustainable business models that replicate
the new realities [40]. As a strategy, midlife upgrades give PSS
providers a mechanism to market new technologies, where the
accumulated margins maybe even higher than through the sale of
new products [80]. Additional upgrade opportunities may stem
from active management of the PSS lifecycle. The user and the PSS
provider both should get value from the upgrades. The users are
interested in the performance of the whole system rather than
individual subsystems. The optimization of the system may
provide possible upgrade opportunities at the subsystem level
for the PSS providers. The performance may not be same compared
to the newest product, but the expected cost-beneﬁt should be
higher compared to a total system replacement.
Understanding and facilitating the need to be able to change
and/or upgrade a PSS based on the changing requirements of the
user becomes a competitive advantage. Especially during the MOL,
there are many factors that play a role in determining the
opportunity and right time for an upgrade. Optimal upgrade timing
will lock-in customers and shut-out competitors (for replacement
and/or service/maintenance). Thus, creating effective entry

barriers that are difﬁcult to overcome for competitors. This can
be determined by Internet of Things (IoT) based sensor networks,
qualitative user feedback, and changes in the market or political
environment. Gathering data from such a broad set of sources and
subsequently extracting insights and knowledge from it will
become a key factor of success for the manufactures of a
complex PSS.
Given the general complexity of the PSS that are discussed here,
additional tools and methods to manage this complexity is
required. For example, the product avatar model [8], or the digital
twin, provides the possibility to monitor, analyse, and interact with
the equipment and the individual subsystems more directly and
efﬁciently, and thus build a basis to innovate new solutions over
the whole operational life of the asset. The equipment should be
considered as a modular engineered system where new capabilities can be added later to provide the users with new
opportunities. The new capabilities can be delivered as new
physical technologies or as digital technologies. In B2B cases it is
possible to build a lock-out strategy based on technology upgrades
helping the PSS providers to remain ahead of competition. In the
longer-term this may mean that new PSS development moves to
the production of more modular designs that more closely align
with customer value and reduce the impact of early retirement
brought on by obsolescence. ‘Trickle down’ of new technologies
into older products could then provide an additional route for
technology exploitation. Other than providing a secondary market
for newly developed technologies, midlife upgrades provide an
opportunity to extend the user-provider relationships beyond a
static PSS approach. To be successful, PSS providers need to
understand the complex environment in which the equipment
operates, how to increase the value stemming from the PSS, as well
as how it can remain competitive compared to new market
entrants. The use of the ‘value in use’ concept ([37,38]) may assist
PSS providers with targeting these objectives.
When critically reﬂecting on the limitations of the presented
research, selecting only case studies that successfully conducted
midlife upgrades may present a certain bias. Including additional
case studies of both successful and un-successful equipment
replacement projects, as well as unsuccessful midlife upgrade
projects might add additional insights on this complex topic.
However, we believe that given the objective of this research, the
chosen case studies support our conclusion that the main factors
and motivations behind traditional equipment replacement and
midlife upgrades are indeed shared. Another limitation of this
work is that there are very few cases available where midlife
upgrades were already planned during the design (BOL) phase and
thus the full, theoretical potential of midlife upgrades can only be
theorized at this point.
Conclusion
The objective of our research was to (i) contribute empirical
evidence in form of case studies of successful midlife upgrades to
the literature, and (ii) assess whether we can tap into the
established literature on traditional equipment replacement to
advance the emerging ﬁeld of midlife upgrades and upgradability.
By presenting and analyzing ﬁve different case studies we expand
the available empirical evidence of successful midlife upgrades.
We use these case studies to evaluate our newly developed
framework and conﬁrm that our collected and categorized factors
and motivations behind traditional equipment replacement are
valid for midlife upgrade decisions.
Overall, our ﬁndings suggest that midlife upgrades have the
potential to effectively postpone replacement while extending
remaining useful lifetime of capital equipment and thereby
facilitate the implementation of the circular economy. Our ﬁndings
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also indicate that midlife upgrades indeed present a value-adding
alternative to traditional equipment replacement from the
perspectives of both users and manufacturers, especially when
provisioned with a servitized PSS business model. A focus on the
MOL phase allows PSS providers to create additional customer
value and increase competitiveness. Successfully locking-out
competition through value-adding midlife upgrades can provide
potential beneﬁts beyond directly measurable ﬁnancial metrics/KPIs.
The extended MOL period is increased beyond what was originally
envisioned, and the user requirements may change substantially
within that timeframe. In general, potential changes in technological
advancement, political climate, or user preference are unknown and
mostly unforeseen during the BOL periods, conﬁrming the beneﬁts of a
more modular design that provides a higher degree of ﬂexibility at the
MOL stage. This can take different forms, e.g., embracing modular
design and design for upgradability. This might involve higher initial
cost for manufacturing and design, however, when taking the TCO
(from the provider’s view) into consideration, it will ultimately help to
achieve the adaptability required and demanded by the users of
complex technological products more economically. Based on this
approach it is possible to then create new MOL strategies that provide
continuous added-value to both PSS users and providers. In order for
the PSS to remain valuable for the user, midlife upgrades must be
designed and delivered that offer measurable (added) value. The value
must be measurable within the user’s own context and is therefore in
line with the ‘value in use’ model from a service dominant logic
perspective. The PSS provider may gain additional value as well
through effects like, e.g., locking out competition by continuously
upgrading the product, or receiving a share of the savings from
efﬁciency gains.
In future, more research is needed to understand the principles
of value creation during the MOL phase of PSS in order to better
create value for both PSS users and providers. Future research
should also explore how new business models (e.g., use/outcomebased contracts, or cradle-to-cradle models) can support the
adoption of a midlife upgrade strategy. Another important
challenge for future researchers is to incorporate the ‘uncertainty
of change required’ in the design and manufacturing of complex
technological products and capital equipment.
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Abstract: Building on manufacturing servitization, midlife equipment upgrade services introduce a
value-adding alternative to traditional equipment replacement, which is often capital intensive and
time consuming. Midlife upgrade describes the process of improving the performance of and adding
new functional capabilities to equipment during its active usage period by embedding technological
innovation while satisfying evolving customers’ preferences. However, explorative studies report a
low adoption of this strategy in industry today and attribute this result to the limited strategic
awareness and readiness of manufacturing firms. To address this gap, this study aims to facilitate
manufacturers’ strategic awareness and readiness by, first, revealing three sets of drivers (i.e., strategic,
market, and financial) that prompt manufacturers to offer equipment upgrade services; second,
identifying distinctive capabilities and resources that are key to generate successful upgrade offerings
leveraging the resource-based view as a theoretical foundation; third, integrating the identified drivers,
capabilities, and resources into a framework that manifests different stages of industrial service
development process, namely, market sensing, development, sales, and delivery. Our novel framework
provides a foundation for future researchers to test, refine, and expand our understanding of why
manufacturers provide upgrade services and what they need to do to ensure that their upgrade service
offerings succeed on the marketplace. Furthermore, our framework can serve as a benchmarking tool
to guide managers to identify capability gaps and then prioritize which capabilities are a priority to
develop and offer successful upgrade offerings.
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1. Introduction
Manufacturing firms, particularly the ones that manufacture long life-cycle products (e.g., capital
equipment) for Business-to-Business (B2B) customers, have started to pivot towards a more serviceoriented business model. These service-oriented business models are based on developing value
propositions based on advanced technical services in order to attain a competitive advantage on the
market. This phenomenon is generally referred to as servitization, which constitutes the innovation
process of organizational capabilities required to shift from selling products to selling integrated
product and service solutions, i.e., Product-Service Systems (PSS) (Baines et al., 2009). Goedkoop et
al. (1999) define PSS as a “system of products, services, networks of players, and supporting
infrastructure that continuously strives to be competitive, satisfy customer needs and have a lower
environmental impact.”
Servitization and PSS are closely tied to Product Life-cycle Management (PLM) and, from a product’s
engineering life-cycle perspective, the Middle-of-Life (MOL) phase, where a product delivers the most
value to its users, is the focal period of servitization (West & Wuest, 2017; Wuest et al., 2015). Active
management of long life-cycle products through the MOL phase brings new opportunities for the
manufacturers to attain a competitive edge and generate new revenue streams by extending the value
offering through technical services (Qu et al., 2016; Baines et al., 2007). One such value adding MOL
service strategy is the midlife upgrade of long life-cycle products (Khan et al., 2019; West & Wuest,
2017; Copani & Behnam, 2018; Pialot et al., 2017). Midlife upgrade describes the process of improving
the performance of and adding new functional capabilities to products during their active usage period
by embedding technological innovation while satisfying evolving customers’ preferences over time
(Khan et al., 2019; Copani & Behnam, 2018).
It is evident from the case studies reported by Khan et al. (2019) that midlife upgrades can create value
for the customers by keeping products relevant for the users beyond the expected operational lifespan.
Additionally, the case studies suggest that even if a long life-cycle product is not designed for
upgradability, it may still be possible to upgrade certain products to address users’ changed or
enhanced needs. Furthermore, according to Copani & Behnam (2018), upgrades in the form of
advanced services can pave the way to new disruptive PSSs that are able to transform customers’
consumption behavior, as well as the manufacturer’s business model. Additionally, in the context of
servitization, Fain et al. (2018) suggest that “continuous improvement rather than radical innovation
in the case of long life-cycle products can be consistent with both economic growth and the market
drive towards sustainability.”
We contend that manufacturers should seriously consider the potential opportunities to capture
additional value from the provision of midlife upgrade services by developing and maintaining a
portfolio of upgrade service offerings for selected product lines. However, despite being a potentially
value-adding MOL service strategy, explorative studies report a low adoption of such a upgrade
strategy by manufacturers (Copani & Behnam, 2018; Khan et al., 2018). In most cases, manufactures
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loosely provide a one-off upgrade service based on the request of their individual customers (Khan et
al., 2019).
As suggested by Copani & Behnam (2018), the low adoption of a midlife upgrade strategy can be
attributed to the limited strategic awareness and readiness of manufacturing firms. Additionally, the
existing scientific literature on upgrade strategy largely focuses on the concept, consumer value, and
design of upgradable products (Khan et al., 2018). At the same time, little to no emphasis is given to
understanding the manufacturers’ perspective on upgrade service provision for long life-cycle
products. In order to facilitate manufacturers’ strategic awareness of and readiness for upgrade service
provision, it is important to better understand why certain vendors offer equipment upgrade services
and what they need to do to ensure that their upgrade service offerings succeed. Hence, as a first step
to address this fundamental issue, this study investigates the following three research questions:
1. What are the main drivers that prompt manufacturers to offer equipment upgrade services?
(RQ1)
2. What distinctive capabilities should manufacturers develop to provide successful upgrade
offerings? (RQ2)
3. What resources do manufacturers need for developing those distinctive capabilities? (RQ3)
By answering these research questions, our study’s contributions are relevant to both practitioners and
the scientific community. First, this study reveals drivers that prompt manufacturers to offer
equipment upgrade services. Second, by taking the resource-based view as a theoretical foundation,
this study identifies unique resources and distinctive capabilities that are key to generate successful
upgrade offerings. Finally, this study integrates the identified resources and capabilities into a novel
framework that manifests different stages of industrial service development process, namely, market
sensing, development, sales, and delivery.
The remainder of the paper is structured as follows. Section 2 provides the research background and
a theoretical framework. Section 3 describes the studies research methodology, structured around
three main steps i.e., case selection, data collection, and data analysis. In section 4, the study results
are presented in accordance with the posed research questions. The findings are consolidated into an
integrated framework in section 5, which also provides a critical discussion of the findings. Finally,
section 6 concludes the paper and presents an outlook on future research.

2. Background and theoretical framework
This section provides the state of the art and research background in the form of three relevant streams
of literature: the resource-based view of the firm, the resource-based view with regard to servitization,
and the different stages of the industrial service development process. Keeping the research questions
in mind, a theoretical framework (Figure 1) has been developed based on the resource-based view of
firm and the industrial service development process stages that are derived from the literature.
3

2.1 Resource-based view of the firm
The resource-based view (Barney 1991; Peteraf 1993), one of the most influential and cited theories
in strategic management (Kraaijenbrink et al., 2010), suggests that an organization gains competitive
advantages generally by developing and deploying its unique portfolio of resources and capabilities.
In this view, resources are either tangible or intangible assets the organization owns or controls,
whereas capabilities are described as something that the firm can do to exploit market opportunities
and deliver value for the organization’s key stakeholders (Day 1994; Ray et al., 2004). A portfolio of
valuable resource, by itself, cannot confer competitive advantage but needs to be transformed into
capabilities by bundling available resources into specific configurations that enable them to achieve a
desired end result, which can positively influence various performance measures, such as profitability,
competitive edge, and/or customer retention (Amit & Schoemaker, 1993; Helfat & Peteraf, 2003;
Madhavaram & Hunt, 2008). To summarize, an organization can achieve competitive advantage by
integrating its resources (that are valuable, scarce, imperfectly inimitable, and non-substitutable) into
a unique set of capabilities that can produce desired outcomes (Barney 1991; Peteraf 1993).

2.2 Resource-based view with regard to servitization
Traditional manufacturers usually derive competitive advantage from capabilities based on extensive
product and process knowledge, research and development (R&D), patents, and manufacturing
excellence that facilitate the creation and delivery of various product-related offerings. However, for
successful servitization, these internal capabilities of product-centric firms are often inadequate and
hence require acquisition of new resources and development of service-related capabilities (Gebauer,
Fleisch, & Friedli, 2005; Antioco et al., 2008; Baines et al., 2009; Kinnunen & Turunen, 2012).
A number of explorative studies have been conducted to understand the types of capabilities and
competences required to manage the transition towards a service-oriented business model. Ulaga and
Reinartz (2011) developed a resource–capability framework to examine key success factors for
designing and delivering hybrid offerings (i.e., combinations of products and services). Storbacka
(2011), Paiola et al. (2013), and Huikkola & Kohtamäki (2017) explored various strategic capabilities
manufacturers need for making the move from being a product seller to becoming a solution provider.
Kindström & Kowalkowski (2014) identified resources and capabilities needed for manufacturing
firms to pursue service innovation. Raddats et al. (2015) and Kanninen et al. (2017) examined the
capabilities required to manage the transition towards servitization. Story et al. (2017) identified
complementary and competing capabilities required to provide advanced services (e.g., availabilitybased contracting, outcome-based contracting, and risk and revenue sharing).
While these studies have revealed several resources and capabilities for product-centric firms to move
towards service provision, it is not clear how different service contexts impact the resource-capability
requirements. This presents a challenge since resources and capabilities may differ significantly for
different types of services (Ulaga & Reinartz, 2011; Raddats et al., 2015; Story et al., 2017; Sousa & da
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Silveira, 2017). Furthermore, existing literature does not differentiate between the resources and
capabilities that are required at different stages of the service development process. In response to
these identified research gaps, we proceed in two steps. First, we particularly focus on midlife upgrade
services when uncovering resources and capabilities. Second, we link the identified resources and
capabilities directly to the industrial service development process stages that are derived from the
existing literature (in the next sub-section). The resulting overall theoretical framework is depicted in
figure 1.

2.3 Stages of industrial service development process
Over a period of more than 30 years, the field of New Service Development (NSD) has received
increasing attention from the academia and industry (Carlborg et al., 2014). A recent bibliometric study
of this field has identified and analyzed more than 270 articles related to NSD (Mendes et al., 2017).
Hence, instead of exploring the NSD literature from scratch, we investigated only the high-impact
articles identified by four recent review papers on NSD to derive the general stages of industrial service
development process (Papastathopoulou & Hultink, 2012; Carlborg et al., 2014; Biemans et al., 2016;
Mendes et al., 2017). Particularly, we looked for highly cited articles that provide a general model with
distinctive stages for the NSD process. Furthermore, we considered only those NSD models that are
either developed and tested for a variety of industries, or specifically developed for the manufacturing
industry.
This resulted in two highly cited articles that each proposed a four-stage model for developing new
services (Johnson et al., 2000; Kindström & Kowalkowski, 2009). From the synthesis of previous
models proposed in the operations management, new product development, and NSD literature,
Johnson et al. (2000) developed a model consisting of the stages ‘design’ (creating a new service
concept), ‘analysis’ (evaluating the potential of the concept), ‘development’ (converting the initial
concept into a marketable service offering), and ‘launch’ (bringing the new service offering to the
market). This model is highly generalizable since no industry-specific idiosyncrasies are embedded
within its framework (Froehle & Roth, 2007). On the other hand, Kindström & Kowalkowski (2009)
proposed a circular framework for developing industrial service offerings. This framework consists of
the following stages (figure 1): ‘market sensing’ (identification, evaluation, and screening of ideas for
new services), ‘development’ (conversion of initial ideas into a viable and marketable service offering),
‘sales’ (commercialization and scaling up of the new service offering), and ‘delivery’ (execution or
implementation of the new service offering). The circularity “implies that companies must go through
the stages continuously and not become complacent after completing one revolution” (Kindström &
Kowalkowski, 2009). Given this framework’s focus on industrial services, the four inherent stages
appear to be more pertinent for midlife upgrade services compared to the rather generic stages
proposed by Johnson et al. (2000). Hence, we adopted the framework proposed by Kindström &
Kowalkowski (2009) for this study.

5

Figure 1: Theoretical resource based view inspired framework for midlife upgrade service development.

3. Methodology
The objective of this research is twofold, first, to identify the main drivers that prompt manufacturers
to offer equipment upgrade services, and second, to identify the resources and capabilities a productcentric manufacturer needs for providing successful upgrade offerings. Given the objectives and
exploratory nature of the research questions (section 1), we employed a multiple case study research
design (Yin, 2017). The qualitative case study approach is well suited for this type of investigation
since research on equipment upgrade service provision is at an early stage and very few academic
papers have been published focusing on this topic. Additionally, the multiple case study methodology
allows the investigation of replication logic (Yin, 2017) and helps to improve external validity and
observer bias (Eisenhardt & Graebner, 2007; Voss et al., 2002). The following sub-sections describe
the case selection, data collection, and data analysis procedures employed in this study.

3.1 Case selection
A critical aspect of this study was the selection of the case companies that have a track record of
successful equipment upgrade service provisions. For this reason, a purposive sampling technique
(Patton, 1990) was adopted to select suitable case companies based on three general criteria: i)
manufacturer of high-value capital equipment with long operational lifetime and set in a B2B
environment; ii) companies offering a portfolio of standard or tailored equipment upgrade services;
and iii) companies that communicate upgrade offerings as a clear value proposition to customers
(reflected in company reports, websites, etc.). Furthermore, the goal was to have representation of
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different industries to allow for more generalizable insights to reduce the bias of a certain industry.
This step resulted in the successful identification and recruitment of seven case companies (see table
1) that are predominantly based in Europe and represent the power, transportation, printing, and
packaging sectors. In order to maintain confidentiality and to have a greater degree of freedom in
discussing our results, the names of the case companies have been coded for anonymity. For the same
purpose, the figures for numbers of employees and revenues are also rounded.
Table 1: Overview of the selected case companies.
Case Company

Number of
employees

Company revenues
(M. USD)

Core products

PumpCo

15,000

3,000

Large pumps for oil and gas industry

MobilityCo

30,000

10,000

Rail technology and intelligent traffic
systems

GlassCo

1,050

300

ElevatorCo

60,000

14,000

Elevators, escalators, and moving
walkways

PharmaPrintingCo

160

60

Integrated printing technology for
pharmaceutical packaging line

RailCo

20,000

4,500

OfficePrintingCo

1,000

350

Glass bottle manufacturing
equipment

Rail technology
Office printing and document
management solutions

3.2 Data collection
We collected data primarily through semi-structured interviews. However, we also included secondary
sources such as company brochures and webpages to collect information on upgrade offerings to
augment the interview data in some cases. The interview data was collected from respondents holding
senior manager positions overseeing service research, service management, product development, as
well as business development roles such as Service Director, Sales Director, Technical Director,
(Global) Product Manager, Head of Strategy & Product Portfolio, and Head of Technology. To ensure
the reliability and validity of data collection procedure, a case study protocol was developed based
around the research questions. Additionally, the theoretical framework (section 2.3) has been used as
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a definite structure to devise interview questions and guide the conversation flow towards
identification of drivers, required capabilities, and resources. A total of 10 interviews were conducted
over a video conferencing platform (Microsoft Team) and typically lasted between 40 and 65 minutes.
All interviews were recorded and carefully transcribed, resulting in more than 130 pages of text (double
spaced text in 12-point Calibri font) that was used for subsequent data analysis.

3.3 Data analysis process
We employed a qualitative data analysis technique (Miles & Huberman, 1984) in order to describe,
interpret, and categorize the collected interview data. We started by organizing and coding the data
based on our research questions and then followed a systematic process to iteratively group and
regroup the codes to identify themes and patterns that ultimately resulted in the identification of
drivers, capabilities, and resources. Finally, we mapped the identified drivers, capabilities, and
resources to the theoretical framework (figure 1) described in section 2. To ensure the rigorousness
of the findings, two groups of authors performed the analysis independently and then addressed the
discrepancies via group discussions to reduce subjectivity and bias. In order to further validate the
findings, we shared the resulting framework with the interview partners and asked for their feedback.
However, no significant issues other than a few minor wording changes to the drivers and capabilities
were identified.

4.0 Results
This section presents the results obtained from the case study interview data. The section is structured
in three subsections that correspond to each of the main research questions.

4.1 Drivers that prompt the manufacturers to offer equipment upgrade services (RQ1)
In accordance with our first research question (RQ1: What are the main drivers that prompt manufacturers to
offer equipment upgrade services?), we have identified seven drivers that prompt capital equipment
manufacturers to offer midlife upgrade services. To provide a high level overview and facilitate better
understanding, we have categorized the identified drivers into three sets, namely, ‘strategic drivers’,
‘market drivers’, and ‘financial drivers’. The identified drivers are presented in Table 2 that also
provides a transparent visualization of which drivers was considered relevant by each of the case
companies (indicated by check marks (ü)).
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Table 2: Drivers that prompt manufacturers to offer equipment upgrade services.

Financial
Drivers

Market
Drivers

Strategic
Drivers

Pharma
ElevatorCo
PrintingCo

RailCo

PumpCo

GlassCo

Office
MobilityCo
PrintingCo

Upgrading competitor’s equipment helps
to grow the aftermarket service base

-

ü

ü

ü

-

-

-

Reduced time to market for newly
developed technologies

-

-

ü

ü

ü

-

ü

Having a portfolio of upgrade offerings
facilitates new product sales

-

ü

ü

ü

ü

-

ü

Upgrades enable compliance with new
regulations (e.g. safety or environmental)

-

ü

ü

ü

ü

ü

ü

Obsolescence of subsystems for which
spare parts are no longer available

ü

-

ü

-

-

-

-

Better profit margin compared to new
equipment sales

-

ü

ü

ü

ü

ü

ü

ü

-

-

ü

ü

ü

ü

Comparatively stable revenue during
economic downturn
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4.1.1 Strategic drivers
Strategic drivers are mainly concerned with creating business growth opportunities and gaining
competitive advantage by differentiating the product and/or service offerings from the competition.
From the case study analysis, we have identified three strategic drivers that either help the
manufacturers to grow business or gain some form of a competitive advantage on the marketplace.
For example, four of the case companies, ElevatorCo, RailCo, PumpCo, and MobilityCo, mentioned
that in addition to their own equipment they frequently provide upgrade services to similar equipment
of their competitors. Besides generating additional revenues, the strategy of upgrading competitors’
equipment allows to grow the aftermarket service base of the manufacturers.
“[…] technology is very similar […] as an OEM with competency in engineering and
manufacturing pumps, it certainly allows us to upgrade a competitor's pumps, because
obviously we have all the engineering, supply chain, and manufacturing fundamentals
in place” (PumpCo)
“[…] we maintain a portfolio of elevators. And within the management of elevators,
we have a free market where we are able to maintain and upgrade elevators of our
competitors […] when we upgrade our competitor’s product, it usually becomes a part
of our maintenance portfolio” (ElevatorCo)
“[…] by upgrading our competitors’ equipment, we are increasing our installed base
[…] [on the contrary] considering we are not doing the upgrades, another company
will do the upgrades [and] then we will potentially lose our own installed base which
will kill our service business” (RailCo)
Another important strategic driver for the manufacturers of long life-cycle equipment is the possibility
that in certain cases upgrades allow the manufacturers to market a newly developed technology a lot
faster compared to relying on new generation products’ sales. This ability to introduce technological
developments faster to the market via midlife upgrades presents a competitive advantage for the
manufacturer especially when competitors do not offer upgrades to their customer base.
“[…] the first one to bring an improved technology to the market is often the one who
is getting the biggest piece of cake until everyone [competitors] starts copying and
eventually bringing the price down. […] when you have something innovative, you
want to go first in the market without wasting too much time when an upgrade can
support the adoption of an improved technology” (RailCo)
The third strategic driver is the understanding that by providing a portfolio of potential value-adding
upgrade offerings for equipment supports equipment sales by positively differentiating the offering
from that of competitors who do not offer upgrades for their products.
“[…] whether you can offer upgrades in the future or not it impacts directly customer’s
assessment of the product in the new product procurement phase” (PumpCo)
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4.1.2 Market drivers
Market drivers are primarily concerned with responding to market requirements. In this
context, one important driver is that upgrade services may enable the equipment to be adapted
for imposed governmental regulations (e.g., changes in exhaust system standards) or changing
customer requirements (e.g., when a company try to be carbon neutral and ask for an upgrade
that will reduce emission).
“[…] when a new emission standard such as euro 6 or 7 comes, they [end users] for
example need to upgrade the particle filter in the diesel motors to comply with the new
standards” (RailCo)
“[…] one very important driver is the development of code adaption means. In our
industry, topics are very much defined by codes and rules. And time to time these
codes will be revised and existing products need to be adapted” (ElevatorCo)
“[…] upgrade services could support the customer in meeting new governmental
regulations if hardware can be physically upgraded but not always they can be fully
applied to hardware” (OfficePrintingCo)
Another market driver is the obsolescence of old equipment’s components or subsystems for which
spare parts are no longer available. When this happens, it becomes very difficult and sometimes
impossible for the manufacturer to continue providing support to the end users without upgrading
that component or subsystem of the equipment.
“[…] so it's [upgrade] not just the matter of improvement in performance but also
about maintaining the performance, for example imagine you have a machine with a
20 years old computer system and you do not get anymore spare parts. […] so often
it [upgrade] is driven by the customer because they don’t have another option more or
less” (RailCo)
“[…] in some cases, we have to rebuild machines with one-off parts which are obsolete
in order to get them overhauled. And in that case, it starts to become very expensive”
(PharmaPrintingCo)

4.1.3 Financial drivers
Financial drivers are mainly related to higher profit margin and stability of revenue. All of the case
companies except PharmaPrintingCo identified higher profit margins as the primary financial driver
for offering upgrade services. This is because these companies face much more (price) competition
when selling new equipment compared to when selling midlife upgrades. For example, PumpCo
mentioned that for them it is very difficult to make a profit from selling new products alone as the
new product market is very competitive with low margins. Consequently, they dependent on spare
parts and upgrades to achieve an acceptable total margin or profitability for a particular product.
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“[…] in our industry, new product sales is highly under cost pressure, which leads to
lower margins […] for upgrades, the competitive situation is slightly different and you
can usually realize higher profit margin on your upgrades because of less competitive
market compared to the new product sales […] so we sell new product to create a
population for which we can sell spare parts and upgrades to then arrive at an
acceptable total profitability” (PumpCo)
Being one of the leading glass bottle manufacturing machine builders, GlassCo does not face intense
competition when selling new machines. However, they come across many customers who keep a
very tight budget when investing in new equipment. GlassCo tackles this situation by selling basic
machines during the procurement phase and later offering a variety of add-ons via midlife upgrades.
In a sense, ElevatorCo’s situation is very similar to that of GlassCo.
“[…] so, if we have a sensitive CapEx customer, then it's probably better to milk the
cow with upgrades. In that case, we provide a naked basic machine, and all the goodies
and all the additional sensors which cost money can be added in future when they
make some money or they use a different budget […] that gives us a playground to
deal with these type of customers” (GlassCo)
“[…] when we talk about new products, in our case it means complete machine, which
will be built into a building […] and usually when someone is constructing the whole
building, they have certain cost pressure, which is on a different level compared to
when the elevator is in its operational stage […] so, the margin level of midlife
upgrades is significantly higher than the margin when we sell new installation
products” (ElevatorCo)
On the contrary, PharmaPrintingCo is the only case in this study who do not consider profit margin
a driver for offering upgrade services. This is overall not surprising considering the fact that as a
supplier of very niche and sophisticated in-line blister printing solutions for the pharmaceutical
industry, PharmaPrintingCo enjoys a monopolistic competition, and hence they can realize
comparably high profit margins when selling new printing machines.
“[…] you have to understand that we are pretty much a monopolist in what we're
doing. There is no threat or almost no threat from other suppliers in the market”
(PharmaPrintingCo)
The next financial driver is the perception that midlife upgrades provide comparatively more stable
revenue during economic downturns than new product sales. However, ElevatorCo argued that even
though the demand for upgrades may remain more or less similar during a bad economical period, the
profit margin on the upgrades get adversely affected.
“[…] evidently if you cannot sell the machines, then the only option remains is that
you look at modernizing equipment, because eventually during a crisis, customers will
not invest, of course, in new equipment. They will try to prolong the lifecycle of the
current equipment” (PharmaPrintingCo)
12

“[…] in times of reduced market demand, upgrades are also impacted but to a lesser
degree than new equipment sales” (PumpCo)
“[…] [during economic decline] we probably face a certain pressure to upgrade, but
we also get pressure on the margins simply due to the fact that the economic crisis also
impacts our customers. And then we will start to have price negotiations. So, they
[upgrades] are not totally independent of the economic environment” (ElevatorCo)

4.2 Key capabilities required for generating successful upgrade offerings (RQ2)
In accordance with our second research question (RQ2: What distinctive capabilities should manufacturers
develop to provide successful upgrade offerings?), we have identified a total of 18 capabilities that the study’s
case companies utilize to provide successful upgrade offerings. The identified capabilities are
categorized based on the four service development stages (figure 1) and are illustrated in table 3. Table
3 indicates relevant capabilities for each of the case companies via check marks (ü).

4.2.1 Market sensing capabilities
Market sensing refers to the identification of various ideas, innovations, and potential opportunities
out of which new upgrade offerings can be derived. The study’s case companies highlighted five
distinct capabilities that enable them to detect such opportunities. First, each of the case companies
strongly emphasized the importance of customer interactions that allow deep understanding of
customer needs and pain points associated with clients’ operations and/or business environment. This
understanding of customers’ current needs and problems often triggers midlife upgrades. For example,
PharmaPrintingCo, ElevatorCo, and MobilityCo listen to their customers to identify the market
opportunity and then react accordingly by transforming those insights into value-adding upgrade
offerings.
“[…] what is required for sensing is a very human interaction based system, because
the large proportion of our machines are the old analog types of machines where we
don't have automatic reporting of things. When a customer comes along with an issue
that would then trigger a series of dialog with that customer” (PharmaPrintingCo)
“[…] as the global product manager, I am in very close contact with the development
and supply chain teams to make sure we get what the market requests” (ElevatorCo)
“[…] key account managers keep a very close contact with the client and that is why
they have a very good sense of what customer needs and wants are. And based on that,
new opportunities for service upgrades are identified” (MobilityCo)
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Table 3: Key capabilities required for generating successful upgrade offerings

Development
Capabilities

Market Sensing
Capabilities

Pharma
ElevatorCo
PrintingCo

RailCo

PumpCo

GlassCo

Office
MobilityCo
PrintingCo

Customer interaction and needs
identification

ü

ü

ü

ü

ü

ü

ü

Structured collection of idea from
various sources

ü

ü

ü

ü

ü

ü

ü

Continuous exploration of
technological developments

-

-

-

ü

ü

ü

-

Continuous tracking of potential
changes in regulation

-

ü

ü

ü

ü

ü

ü

Continuous monitoring of competitors’
offerings

-

-

-

ü

-

ü

-

Technical, operational, and economic
feasibility analysis

ü

ü

ü

ü

ü

-

ü

Product design and engineering

ü

ü

ü

ü

ü

ü

ü

Resource management

ü

-

ü

ü

ü

-

-

Backward and forward compatible new
product (or component) development

ü

ü

-

ü

ü

ü

ü

Product design and engineering process
documentation

ü

-

ü

ü

-

-

-

-

-

ü

ü

-

-

-

ü

ü

ü

ü

-

-

ü

Product re-engineering
Cross functional team development
and project management
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Table 3: Key capabilities required for generating successful upgrade offerings (cont.).

Sales
Capabilities

Pharma
ElevatorCo
PrintingCo

PumpCo

GlassCo

Office
MobilityCo
PrintingCo

Customer orientation and relationship
management

ü

ü

ü

ü

ü

ü

ü

Promotion and value demonstration

ü

ü

ü

ü

ü

ü

ü

-

-

ü

ü

-

-

ü

On-site upgrade installation

ü

ü

ü

ü

ü

ü

ü

Upgrade installation process
standardization

ü

ü

-

ü

-

-

-

Customer training

ü

-

-

-

ü

ü

-

Value-based pricing

Delivery
Capabilities

RailCo
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Similarly, GlassCo and PumpCo indicated how customer interactions helped them to understand their
customers pain points such as excessive operating costs, machine downtime, and other reliability issues
that can be addressed by upgrading equipment.
“[…] one way to detect upgrade opportunity is to go through their [customers’] pain
points. Listening to customers like an elephant with big ears and trying to understand
where they struggle, where they burn money, where they lose production time”
(GlassCo)
“[…] during discussions on the performance of our equipment, we often identify that
the customer’s operating conditions are no longer what the equipment has been
designed for. And this can cause some problems and excessive operating cost and
reliability issues on our customer side. And then based on this feedback and the input,
our sales organization might initiate a discussion on retrofit and upgrade where then
the engineering disciplines from our side are being involved to determine what a
retrofit or pump upgrade solution would look like” (PumpCo)
Market sensing is further supported by collecting potential upgrade ideas from a variety of sources in
a structured way so that none of the ideas gets lost before it reaches to the upgrade development team
for subsequent feasibility analysis. The case companies actively collect and consider ideas and
suggestions from people with customer touch points, such as salespeople and technicians, and also
from people in the back office, such as product development team. Furthermore, most of the case
companies mentioned that they have a formal process in place for customer feedback collection.
“[…] depending on the market, we sometimes get feedback from our sales offices. For
example, in Russia they are saying, the train’s front nose is always getting icy, can we
do something about it?” (RailCo)
“[…] there is a more formal process where market information is being collected
typically by the product management teams to assess if there is an opportunity to
develop a retrofit or upgrade offering” (PumpCo)
“[…] feedbacks are also collected by technicians who are in the market. We collect the
feedback using a claim management tool that sends them up stream to engineering
and then we have discussion” (PharmaPrintingCo)
“[…] ideas come through service team and our sales channels back to the headquarter
and we summarize and define the core topics on which we will focus in a certain time
frame” (ElevatorCo)
Selected case companies identified technology exploration as an important capability for the market
sensing stage. For example, GlassCo argued that technological breakthroughs can trigger new upgrade
opportunities that were not possible before.
[…] “product management department have to smell and see where we have
potentials. And the potential lies always in new technologies that bring new
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possibilities to do something which was not possible, or we haven't seen it before”
(GlassCo)
As already discussed in section 4.1.2, changes in safety and environmental regulations often force end
users to adapt or upgrade their equipment to comply with the latest specification. In this context, it
becomes very important for the manufacturers to actively anticipate and track regulations that may
affect their existing installed base.
“[…] in our industry, topics are very much defined by codes and rules. And time to
time these codes will be revised and existing products need to be adapted. For example,
we had a huge change around five years ago in Europe where fundamental rules have
been changed and the authority requested us to deliver products and solutions to our
existing customers to comply with the latest rules” (ElevatorCo)
Lastly, a few case companies directly or indirectly indicated that they closely monitor how its main
competitors operate in the market and the types of solution they provide. This sometimes help
manufacturers to identify additional upgrade opportunities to add to their existing portfolio.
“[…] we are always looking out if there is anything that our competition is doing better
than us” (OfficePrintingCo)

4.2.2 Development capabilities
Development refers to the conversion of an initial idea into a marketable product or service offering.
In this study, we have identified seven sets of capabilities that facilitate the development of midlife
upgrade offerings. After identifying a potential upgrade opportunity at the market sensing stage,
manufacturers need to assess its technical, operational, and economic feasibility.
“[…] it [an upgrade idea] then goes through a review of the approval process between
sort of more commercial side of the business and on the engineering side of the
business. And then based on this assessment, an upgrade offering is developed and
released to the market” (PumpCo)
“[…] these ideas go into a funnel and it will be discussed within the brains of the
company to see if there is any value? Is there a way to develop it? Is it worthwhile to
do? Is it an individual customer specific problem or a general problem? And then we
move on and go for development” (GlassCo)
“[…] when there is a trigger for an upgrade, we assess the complexity. We align with
engineering to find what is possible, what does the timeline look like, what could be
the cost? Then we do market analysis by looking at compatible machines all around
the globe. So, we investigate our installed base and see how many customers will
actually be benefitted by the upgrade” (PharmaPrintingCo)
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All of the case companies recognized product design and engineering as core capability for developing
upgrade offerings. However, none of the companies have dedicated design and engineering resources
for developing upgrade solutions. Therefore, managing the resource sharing between upgrade and
new product development becomes relevant.
“[…] upgrade solutions are very much enabled by competencies related to new
product design and engineering […] it is [upgrade] usually an extension of existing
product and typically follows very similar or the identical process that is followed for
new product development” (PumpCo)
“[…] we [service department] do not have our own design capability to independently
work on upgrades. So, it is always us going back to the product management team for
solution development” (PharmaPrintingCo)
“[…] inside the organization, the challenges are that you use more or less the same
resources as new built. Because there are no special upgrade capacities planned so far
because of the size of the business. So, therefore, you have prioritization conflicts and
capacity related issues” (RailCo)
Most of the case companies consider the backward and forward compatible product or component
design capability as an important enabler for developing upgrade offerings.
“[…] the design of the multifunction printer was completely changed to support
upgradability of the hardware platform […] now the platform is completely flexible
and subsequent software upgrades of the machine can introduce new features and new
services for the customer to use in addition to the traditional software lifecycle and
maintenance activities. It basically allows the lifetime of the physical machine to be
longer and the software to be upgraded more frequently” (OfficePrintingCo)
“are we backwards compatible? We have to look back and study how products were
developed 20 years ago? Are we able to implement the latest developments in already
existing installations? […] we need to be able to implement new developments into
existing installation” (ElevatorCo)
“the main challenge is to design flexible products, so it becomes possible to
continuously develop new upgrades on top of the existing ones” (MobilityCo)
“each machine is subject to a process called product care, where those machines are
evolving and improving over time. And it's not always backward compatible. So, in
some cases we have to rebuild machines with one off parts. And in that case, it starts
to become very expensive” (PharmaPrintingCo)
Some of the companies identified documentation of product design and the engineering process as a
required capability of this stage. Documenting the design process allows the development team to
keep track of design reviews and work more efficiently towards developing an upgrade solution for
an old machine. However, when access to proper documentation becomes an issue, for example when
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upgrading one of the competitor’s products, manufacturers may need product re-engineering
capability to develop an upgrade solution.
“[…] what you have to consider is that if you take a 20 years old machine, it is possible
that there is nobody in the company anymore who is familiar with its design. So, if the
documentation doesn't exist anymore it becomes an extremely time intensive exercise
to develop an upgrade” (PharmaPrintingCo)
“[…] if you are an OEM with competency in engineering and manufacturing pumps,
it certainly allows you to do an upgrade and retrofit on a competitor's pump, because
obviously you have all the engineering, supply chain, and manufacturing fundamentals
in place. The only disadvantage is that you do not have the original dimensions and
materials specifications for that specific product. But it can be obviously reengineered”
(PumpCo)
“[…] the challenge is to design new features based on experience and based on old
engineering data. Sometimes, you do not even have engineering data and then it
becomes a re-engineering project” (RailCo)
Most of the case companies take a project driven approach for developing upgrade offerings.
Therefore, project management has been identified as a crucial capability in this stage. Furthermore,
upgrade development projects usually involve people from different functional units such as product
management, sales, and service. Therefore, manufacturers’ ability to set up and effectively manage
cross functional team becomes another important capability.
“[…] design and development of upgrade service is totally a project driven approach.
It involves a special team with all the functions which are necessary. Normally you
have design function, tests function, a prototype function and then a project
management function” (RailCo)
“[…] there is a structured process how we develop upgrades. And the process
considers not only the development instance of the hardware, but it also considers
different teams that take care of sales and execution” (ElevatorCo)

4.2.3 Sales capabilities
Case study analysis revealed three important capabilities related to sales or commercialization of
upgrade offerings. First, each of the case companies greatly emphasized the need for customer
orientation and relationship management. Customer orientation implies an approach to sales in which
businesses focus on having a deep understanding of customers’ expressed and latent needs to be able
to offer superior value (Slater & Narver, 1995). Additionally, it fosters a two-way relationship between
customers and the firm (Strong & Harris, 2004).
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“[…] there have to be a good relationship and trust between an end user and my team
in order to get something sold […] we may prefer to push an upgrade solution because
the margins are definitely higher. But at the end, we have to be very careful with what
we are doing because if we try to push one solution against the other without
understanding the customer then we risk keeping ourselves out of the of the dialogue”
(PumpCo)
“[…] you need the contact persons to customers; you need to understand the
background of the customer, you need to understand the business case of the
customer, you have to understand the financial model for upgrades for the customer,
you have to understand the technical needs and what is exactly the background reason
for having an upgrade. So, your customer relationship is a huge advantage. Knowing
the project, knowing the history, knowing the customer allows you to offer a perfect
solution for the customer. Which definitely has advantages” (RailCo)
“[…] our view in the sales department is that it's important that we consult the
customer to really get to the bottom of what is the best for him. In every single case,
we ask ourselves what's best for the customer. It can be that the upgrade is the best
option, but it can also be that the replacement is the best option even for a machine
younger than 10 years” (PharmaPrintingCo)
All the case companies consider promotion and value demonstration as important capabilities that
facilitate upgrade sales. Most of the companies promote and sell upgrades via the aftermarket sales
team or the new product sales team.
“[…] they [upgrade offerings] are typically being promoted through the aftermarket
organization” (PumpCo)
“[…] we promote upgrade services through classical channel that is direct sales by
salesperson visiting the customers. We also do online advertisement that is done by
the dealers. […] depending on the type of the upgrades sometimes we have to really
push the customer to make them want to buy it” (RailCo)
“[…] salespeople are very much focused on their customers […] they prepare
themselves and communicate the benefits to the customer to make sure we generate
revenue and sales” (ElevatorCo)
However these are not the only options with regard to who conducts upgrade sales. Interestingly,
PharmaPrintingCo uses their service technicians to promote upgrade offerings. For example, when
the technicians go for maintenance or a troubleshooting event on customer’s site, they also perform
a short audit on the machine and then get back with upgrade recommendations directly on-site to the
customers.

20

“[…] technicians are usually perceived as the rescuers who come and fixe the machine,
and everything becomes alright […] so, the credibility comes because they're not
perceived as salespeople who are trying push sell the upgrades” (PharmaPrintingCo)
Value demonstration and financial justification are the crucial parts of promotion. Therefore, sales
personnel needs be equipped with sales tools that helps to illustrate the potential value that can be
derived from upgrade services.
“[…] they [technicians] usually don't have the sales skills, but you can compensate the
lack of sales skills with proper documentation, with the proper sales kits, with the right
arguments. We also provide them a checklist that they need to go through and then it
becomes a standardized procedure” (PharmaPrintingCo)
“[…] upgrade services often require detailed financial justification […] and the one
who is speaking to the customer, needs to be a technical expert who can quantify and
communicate the benefits properly” (PumpCo)
Lastly, some of the manufacturers have mentioned that value-based pricing capability enables them to
maximize their profitability from upgrade services. The value-based pricing mechanism takes
customers’ perceptions of an upgrade offerings’ value proposition into consideration when
determining the pricing of the service. Instead of pricing only from a cost and mark-up perspective,
manufacturers should try to have a clear understanding of their customers’ processes and operations
to being able to quantify the value an upgrade provides to the bottom line from the customers’
perspective (Raja et al., 2020).
“[…] you can approach it [upgrade pricing] from a cost-plus perspective where you
obviously try to capture all the costs that you expect to incur during this upgrade with
certain margin expectations. But we certainly do not look only at that because we
typically face less competitiveness in case of upgrade services and want to maximize
our margins. So, we look at what is the customer perception? How much is a customer
willing to invest in such an upgrade? How strong is the customer's business case? And
then determine what sort of threshold a customer is willing to pay for that upgrade?”
(PumpCo)

4.2.4 Delivery capabilities
From the case study analysis, we were able to identify three important capabilities that are related to
execution or implementation of upgrade offerings. First, all the case companies have recognized onsite installation as a capability that enables the delivery of upgrade services. However, some of the case
companies also acknowledged that depending on the installation complexity in certain situations it
becomes inevitable to take the equipment through the assembly line at manufacturer’s site.
“[…] depending on the complexity, the projects sometimes would take the machine
back through our assembly for upgrading and revalidating … but I would say the
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majority of the upgrades are provided on-site by service technicians.”
(PharmaPrintingCo)
“[…] if it’s a hardware upgrade inside the gearbox, they [end users] have to send it
back to us. Or, if it's a software we go there [customer’s site] and put the software on
the transmission. If it's an add on part, we go and install it there [customer’s site]. But
if it's something that we need to change inside the gearbox or so, they have to send it
to us and then we have to open the gearbox and install the upgrade. So, depending on
the type of upgrades, it can be done on-site or at our workshop” (RailCo)
“[…] you need the expertise on site […] you need somebody who knows the product
very well and is able to install the upgrade” (GlassCo)
Some manufacturers stressed the importance of flawless and fast installation of upgrades during the
delivery stage. Standardizing the upgrade installation process and having a designated team install the
upgrades on the customers sites helps to mitigate execution risks and reduce production outage.
“[…] when you talk about upgrade you have to understand the risks involved in
making some changes to the [production] line as it may go down for a longer period
of time than was expected” (PharmaPrintingCo)
“[…] in case of upgrades, customers expect shorter production outage time compared
to new installations […] most of the upgrade projects are being delivered by dedicated
service teams” (PumpCo)
“[…] field excellence means people who are able to install and understand the product
overall, because if we are not able to install the material to set it up properly and in a
reasonable time, then the experience for our customer is rather bad. So, this is
absolutely crucial that our colleagues in the field are really able to deliver the required
quality” (ElevatorCo)
Lastly, three of the case companies argued that the successful delivery of upgrade services should
include customer training to ensure that customers can realize the perceived values of those upgrades.
“[…] you can have a very good and wonderful upgrade. But finally, if the value is not
transferred during execution to the customer, you sell one and that is it. But if they
[customers] can see the impact of the upgrade, they will put it nearly to any machine.
So, you need somebody who can train the users so that they get the full value out of it
[the upgrade]” (GlassCo)
“[…] we have on-site training that happens when we have our field engineers at
customer sites during the installation process. There are some specific packages. This
is the standard way of operation. We have specific packages, specific training packages
that we can offer to the customer in order to facilitate the usage of the new features”
(OfficePrintingCo)
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4.3 Key resources required to develop the capabilities for upgrade service provision (RQ3)
As we have already discussed in section 2, individual resources cannot confer competitive advantage
by themselves. They need to be combined into specific configurations that enable various capabilities
leading to establishing a potential competitive advantage. However, it is important to consider what
resources manufacturers use to develop such required capabilities. In accordance with our third
research question (RQ3: What resources do manufacturers need for developing those distinctive capabilities?), we
have identified six resource categories from the case study analysis that are presented in table 4 with
examples of distinctive resources in the context of upgrade service provision.
Table 4: Distinctive resources in the context of upgrade service provision
Resource category

Examples of resources

Physical resources

Installed base of products, Manufacturing facilities and
equipment, field service workshops

Technological resources

IT platform, ERP, product management software

Informational resources

Product usage and process data, engineering documents,
customer knowledge, system knowledge

Human resources

R&D talents, engineers, salespeople, frontline service
employees, technicians

External resources

Supply chain network, distributor network, competitor’s
installed base

Reputational resources

Brand reputation, customer testimonials

5.0 Discussion
By answering the posed research questions, our study’s contributions are relevant to both practitioners
and the scientific community. First, this study reveals three sets of drivers—strategic (competitive),
market (demand-based), and financial (economic)—that prompt manufacturers to offer equipment
upgrade services (RQ1). Second, taking the resource-based view (Armstrong & Shimizu, 2007) as a
theoretical foundation, we identify distinctive capabilities (RQ2) and unique resources (RQ3) that are
key to generate successful upgrade offerings. Finally, in order to consolidate our findings, we
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integrated the identified drivers, capabilities, and resources into the theoretical framework and the
result is presented in Table 5.
This novel framework provides a foundation for future researchers to test, refine, and expand our
understanding of what motivates manufacturers to provide upgrade services and what they need to
do to ensure that their upgrade service offerings succeed on the marketplace. This framework also has
managerial implications in a sense that it can help executives to evaluate the business potential of
adopting a midlife upgrade strategy by assessing the relevancy of the identified drivers from their
unique businesses’ perspective. Furthermore, this framework can be used as a benchmarking tool to
guide managers to identify capability gaps and then prioritize which capabilities they should strengthen
or develop first to create successful future upgrade offerings to serve their existing customers and
potentially acquire new customers (e.g., by either improving sales or upgrading the installed base of
competitors’ equipment).
The key capabilities and resources for upgrade service provision are mapped into the four stages of
the industrial service development process. This approach helps us to understand what capabilities
and resources are needed to be successful at each stage in the NSD process. The integration of
information from different sources (primary resources) in order to gain a full picture of the market is
the key capability during the market sensing stage. Moving from market sensing to development
requires the capability to integrate the contextual aspects of a proposed upgrade opportunity. Many
of the development capabilities are similar to those of new product development and this can be seen
more clearly from the primary resources required to deliver the capabilities within this stage. This may
explain the conflict between upgrades and new product development as they often share the same
scarce company resources today. Moving forward, this might be an area where companies should
critically assess whether sharing these resources is beneficial with a growing contribution of upgrade
services to the margin. At the very least, clearly communicate the responsibilities of the team and
reflect these in the reward structure is crucial in the short term to mitigate this conflict. The sales phase
means that the firm needs to have customer intimacy to allow them to approach the customer and to
demonstrate the value of potential upgrades in their specific context. This way they can effectively
help to describe the value -ad of midlife upgrades to their customer by providing a unique scenario
based on the customer’s pain points that are addressed. This also provides the basis for pricing, which
can be driven by capturing a percentage of the created value over a period of time and provides the
customer with a clear pay-back horizon. Here the primary resources are salespeople and sales channels
that are backed up with the reputation of the brand and case studies/testimonials from the customers.
The final phase is the delivery, where the capabilities are basically the same capabilities as those
required for traditional ‘aftermarket’ services with the primary resources again being service
workshops, field service technicians, and firms’ existing IT infrastructure.
Besides these core findings, the case study analysis led to the identification of several interesting issues
related to upgrade service development that require further discussion. For example, all case
companies of this study, except PumpCo, followed the four sequential stages depicted in the
theoretical framework in section 2 (figure 1). The exception in case of PumpCo is that most of their
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upgrade offerings are sold as individual projects before the actual development takes place. The reason
behind is gorunded in the fact that most of their products are engineered-to-order as per the respective
customer’s individual requirements. Therefore, they have to maintain a very diverse set of products in
their installed base, which makes it difficult for them to develop standardized upgrade solutions for
their customers. In most cases they first sell an upgrade project and then do the R&D to create a
customized upgrade solution that is specific to that project and customer. Therefore, a modification
to the original framework as depicted in figure 2 may reflect this scenario more accurately while still
maintaining validity for the more dominant process.

Figure 2: A modification to original framework to better generalize the upgrade service development model.

Table 5: Midlife upgrade service provision framework.
Drivers that prompt the manufacturers to offer equipment upgrade services
Strategic drivers
Market drivers
Financial drivers
● Upgrading competitor’s
equipment helps to grow the
aftermarket service base
● Reduced time to market for
newly developed technologies
● Having a portfolio of
upgrade offerings facilitates
new product sales

● Upgrades enable
compliance with new
regulations (e.g. safety or
environmental)
● Obsolescence of
subsystems for which spare
parts are no longer available

● Better profit margin
compared to new equipment
sales
● Comparatively stable
revenue during economic
downturn

Key capabilities and resources required for generating successful upgrade offerings
Capabilities
Primary resource base
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Market sensing

● Customer interaction and needs identification
● Structured collection of idea from various sources
● Continuous exploration of technological developments
● Continuous tracking of potential changes in regulation
● Continuous monitoring of competitors’ offerings

● Installed base of products
● Product usage and process
data
● Customer knowledge
● ERP software
● Frontline service employees
● Technicians
● Supply chain network
● Distributor network

Development

● Technical, operational, and economic feasibility analysis
● Product design and engineering
● Resource management
● Backward and forward compatible new product (or
component) development
● Product design and engineering process documentation
● Product re-engineering
● Cross functional team development and project
management

● Manufacturing facilities and
equipment
● Product management
software
● R&D talents
● Engineers
● Engineering documents
● System knowledge

Sales

● Customer orientation and relationship management
● Promotion and value demonstration
● Value-based pricing

● Brand reputation
● Customer testimonials
● Salespeople
● Distributor network

Delivery

● On-site upgrade installation
● Upgrade installation process standardization
● Customer training

● Field service workshops
● Technicians
● IT platform

Another important issue related to upgrade services is the fact that the provision of midlife upgrades
reduces the features and performance gaps between existing and new equipment, and thus may
diminish a manufacturer's business opportunity to increase new product sales (Aziz et al., 2016;
Montalvo et al., 2016). However, our findings suggest this did not stop the case companies from selling
product upgrades because the market for new product sales is very competitive compared to the
market of upgrade sales. This creates a sizeable gap in profit margin that is often enough to justify the
sales of upgrade offerings. Some of the study’s case companies rather argue that the opportunity to
upgrade a product during its lifecycle positively impacts a customer’s assessment of the product during
the procurement phase. Furthermore, midlife upgrades also work as a vehicle for the manufacturers
to market a newly developed technology faster compared to new product sales. This also mitigates the
effect of a manufacturer’s diminished business opportunity to increase new product sales. A possible
side-effect is that upgrades often undergo a different formal approval process within an organization
compared to new equipment purchases thus lowering the barrier from an administrative standpoint.
26

However, being a monopolist, PharmaPrintingCo is the only company that do not consider profit
margin and reduced time to market as drivers for offering upgrade services.

6.0 Conclusion and future research direction
This study was conducted to i) understand the drivers that prompt capital equipment manufactures to
provide midlife upgrade services, ii) identify key capabilities that are required for generating successful
upgrade offerings, and iii) identify key resources that can be combined to support the formulation of
required capabilities. The findings presented in the result section revealed a total of seven drivers that
were categorized into three broad categories, i.e., strategic, market, and financial drivers. We also
identified a total of 18 capabilities that are linked to the four general stages of the new service
development process, i.e., market sensing, development, sales, and delivery. The study’s case
companies revealed several resources that were further categorized into six resource groups, i.e.,
physical, technological, informational, human, external, and reputational resources. Finally, all these
findings have been consolidated into a framework that will help manufacturers to improve their
strategic awareness of and readiness for upgrade service provision.
When critically reflecting on this research we need to discuss a few limitations. First, all the case studies
in this research come from larger manufacturing companies. However, there are many small and
medium sized machine building companies whose perspective is currently not reflected in the findings
of this research. Hence, future research should include case studies of manufacturing SMEs who have
limited resources compared the big multi-national manufacturers represented in this study. Second,
our findings indicate that drivers, resources, and capabilities may vary from industry to industry. In
this context, future research involving multiple case studies from individual industrial sectors may
result in more accurate and comprehensive set of drivers, resources, and capabilities for an individual
industry to augment the holistic findings presented here. Finally, the scope of this study is limited to
B2B transactions of high-value capital equipment with long operational lifetime. Future research
should also explore the potential of midlife upgrade strategy in the context of durable consumer goods,
for example, vacuum cleaner, cars, or washing machine.
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